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Abstract

The pursuit of sustainable and efficient air transport has led to increased interest in unconventional air-
craft configurations, the Delft University Unconventional Configuration (DUUC) has shown potential.
This concept combines the propulsion unit with the empennage and utilizes the synergy of these com-
ponents. The so-called Propulsive Empennage (PE) consists of Ducted Fan Systems (DFS) which are
two ducted propellers attached to the fuselage by a pylon with control vanes at the rear end of the duct.
The feasibility of the DUUC has been investigated in previous studies, but a conclusive answer has not
been formed where the potential is shown but an unfavorable design was the result. This thesis aims
for optimize the existing methodology for analyzing the DUUC performance, benchmarking it against a
conventional turboprop configuration, specifically the ATR72-600 and form a definitive answer on the
feasibility of an aircraft employing a Propulsive Empennage.

The Integrated Aircraft Feasibility Model (IAFM) is set up to determine the feasibility of the DUUC
concept. The TAFM is divided into two disciplines: aerodynamics and flight mechanics. An extensive
literature review forms the basis of the improvements made to earlier analysis methods. The literature
review comprises a state-of-the-art part for the DUUC aircraft including all relevant contributions from
previous research. In addition, all important concepts of ducted fans are discussed as well as tail volume
coefficients and requirements for static longitudinal and directional stability.

The aerodynamic section of the IAFM has been improved with the addition of an inflow correction for
the duct that accounts for the flow change due to elevator deflection. The effect is small, but is included
in the model for completeness. The nacelle performance model has been updated with the addition of
a lift coefficient prediction based on an inclined body of revolution, where in previous studies the lift
of the nacelle was ignored. The inflow angles for the support and control vanes are modified from the
propeller slip calculation to a velocity vector approach based on the radial distribution of axial velocity
calculated by a Blade Element Momentum model.

An empirical prediction for the thrust generated by the duct has been implemented in order to allow fast
design iterations of the PE compared to the Ducted Fan Design Code that has been used before. The
validation of this model shows good agreement with the experimental data. Additionally, the control
vane load model has been adjusted to account for the difference in inflow angle based on the propeller
swirl direction. This has shown a 25% reduction in control vane load that should be considered for
control vanes in X-configuration.

For the flight mechanics model, the mass estimation of the pylon, support and duct have been modified.
To allow for a better prediction based on structural requirements, the duct’s mass prediction has been
changed from a nacelle prediction to a horizontal tail prediction. As this resembles its function better.
The pylon and support mass were previously sized on the basis of a percentage of the mass it had
to carry. This method is improved by calculating the required weight based on the bending moment
created by the aerodynamic load or the weight of the propulsion group.

The pendulum stability implications with respect to the addition of the PE have not been specifically
treated yet, whilst it has a significant influence on the vertical center of gravity. Adding the empennage
decreases the vertical moment arm and hence decreases the stabilizing contribution of the fuselage to
the longitudinal stability.

Up to now, the control vane configuration of the PE has been an x-configuration which has been shown
to be ineffective. An improved configuration has been proposed, but has not yet been analyzed. The
control vanes would then be placed on the edge of the duct and would influence the lift contribution
with a change in camber. This control vane model, called the duct edge, has been analyzed by means of
Athena Vortex Lattice and demonstrated to be three times more efficient and approached the control
regime of the reference aircraft.
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A sensitivity study shows the effect of empennage position across the fuselage with respect to the center
of gravity and requirements for empennage sizing. The pylon and duct sensitivity are demonstrated
with respect to force contributions and mass estimations. But also with respect to stability and required
restoring moments.

Two DUUC configurations have been set up and benchmarked with the reference aircraft. Configuration
1 has the PE on the conventional empennage position, while configuration 2 is placed in front of the
wing and acts as a canard. The results of the TAFM show that both configurations do not outperform
the reference aircraft due to an increase in weight, center of gravity excursion and additional trim drag.
This forms a more definitive answer to the feasibility of the DUUC.

This work contributes to the broader effort to develop sustainable aviation technologies by providing
a structured methodology to analyze an unconventional aircraft configuration employing a Propulsive
Empennage. The DUUC serves as both a technical challenge and an opportunity to rethink traditional
aircraft design in the pursuit of greener aviation.
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Introduction

The innovation in unconventional aircraft concepts is driven by critical concerns about the environmen-
tal impact of aviation and the global push towards sustainable transport solutions. With conventional
aircraft concepts approaching their performance and efficiency limits, fundamentally different config-
urations show potential [2]. Among such emerging concepts is the Delft University Unconventional
Configuration (DUUC), which integrates propulsion and control surfaces through a ducted-fan system.
An artist impression of the DUUC is shown in Figure 1.1. This novel Propulsive Empennage (PE)
approach replaces the traditional empennage with a configuration that utilizes the synergy between the
propulsion and aerodynamic stability systems [1].

Figure 1.1: Artist impression of the DUUC [3]

In the 1980s, tail mounted propeller aircraft were already investigated [4] and the Clean Sky 2 initiative
has also investigated this in the IRON project [5], illustrated in Figure 1.2 where innovative turboprop
configurations are analyzed. History shows several examples of aircraft employing aft fuselage-mounted
engines. Think about the VC10 [6], MD87 [7] and Embraer CBA-123 Vector [8], illustrated in Figure 1.3.
Benefits of these configurations are the potential to reduced cabin noise due to the aft position, a clean
wing concept because of the absence of the pylons and enhanced longitudinal stability. With aft mounted
engines, application of additional thrust causes a nose down pitching moment compared to a nose up



pitching moment for a wing-mounted engine configuration. Disadvantages of the aft placement of the
engines is the increased tail load because of the weight of the propulsive system at the tail.

Figure 1.2: Innovative aircraft configuration in the Figure 1.3: CBA-123 Vector in flight during the 1990
Clean Sky 2 project [9] Farnborough air show [10].

The DUUC configuration, shows potential to be a viable alternative to wing mounted propeller configu-
ration due to the interaction between the duct and propeller according to Vos [11]. This study showed
an unfavorable fuel burn, but the drag estimates were conservative and the beneficial duct thrust ef-
fects were not taken into consideration. That could offset the drag making the aircraft concept a viable
alternative. Furthermore, the integration of ducted propellers within the empennage, ducted propellers
can achieve improved static thrust performance [12], enhanced control authority [13], and potentially
lower noise emissions due to the shielding effects of the structure of the duct [14]. Another advantage
of the compact integration of propulsion and control elements can be a reduction in operational empty
weight according to Stavreva [15], thus improving aerodynamic efficiency. The ring-wing characteristics
of the duct ring wing contribute to longitudinal stability.

However, despite these promising features, previous studies have shown significant challenges associated
with the DUUC architecture. Key issues include the increased weight on the tail with its implications for
aircraft balance due to aft-shifted center of gravity, and uncertainties in the aerodynamic interaction
between the fan, duct, and airframe components. Furthermore, earlier studies initially deemed the
DUUC unattractive in terms of overall performance, highlighting the need for an improved design
according to van den Dungen and Stavreva [16, 15].

To address the gaps in previous studies, the current research seeks to revisit the feasibility of the DUUC
concept by improving and extending earlier research on the DUUC. The purpose of this project is to
evaluate the efficiency of the duct, validate the applicability of traditional tail volume coefficients for
a Propulsive Empennage configuration, and establish design criteria for such an innovative empennage.
Through a combination of theoretical modeling of the aerodynamic behavior and flight mechanics anal-
ysis, the research aims to quantify the performance trade-offs and identify configurations that might
outperform conventional turboprop aircraft.

Ultimately, this work contributes to the broader objective of developing more sustainable aircraft con-
cepts by systematically evaluating the potential and limitations of an aircraft employing a Propulsive
Empennage. As such, the DUUC represents not only a technical challenge but also a vital step toward
re-imagining future aircraft for a cleaner and more efficient aviation sector.
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1.1. Research Objective

The objective of the research is to investigate the feasibility of the Delft University Unconventional
Configuration aircraft by means of an aerodynamic and flight mechanical analysis. The main objective
of this thesis can be summarized as follows.

Determine the feasibility of an aircraft with Propulsive Empennage compared to a conventional
turboprop aircraft. When it turns out to be not feasible, see what improvements/changes need to
be undertaken to get a feasible aircraft. The feasibility is evaluated with respect to aerodynamic
efficiency, performance and stability.

A set of research goals have been set up in order to breakdown the main objective.

e Determine whether the ’tail volume’ concept can be used in the initial design procedure of an

aircraft with propulsive empennage.

o Establish the design criteria for DUUC that can be related to the duct, pylon, and overall perfor-

mance.

e Compare the performance of a novel DUUC concept with a traditional turboprop design.
o Evaluate the efficiency of the duct design and identify areas of improvement.

o Identify potential configuration changes of the DUUC V0.1 and determine its feasibility.

1.2. Research Questions

The research is guided by two main research questions:

7~

\.

What is the feasibility of the DUUC aircraft concept with respect to aerodynamic efficiency,

performance and stability characteristics compared to a conventional turboprop aircraft?

How can the Propulsive Empennage be optimized to enhance aerodynamic efficiency, perfor-
mance and stability compared to design iteration V0.17

The main research questions can be answered by a set of sub-questions:

1. How can the conceptual sizing method of the tail volume coefficient be applied for the propulsive

empennage of the DUUC?

2. What is the propulsive efficiency of an aircraft employing a Propulsive Empennage?

3. How does the performance of the DUUC configuration compare to a conventional turboprop

configuration aircraft?

4. What improvements can be made to the Propulsive Empennage to enhance propulsive efficiency?

5. What are alternative positions of the Propulsive Empennage, and how does this affect the perfor-

mance?

6. What are the implications with respect to the static stability of the aircraft when the Propulsive

Empennage is used compared to a conventional turboprop?
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1.3. Research Hypothesis

During the start of the project, the following hypotheses were defined based on the earlier studies and
available literature.

( )

The DUUC will have a higher OEM due to the addition of the duct and support.
The Propulsive Empennage will have a higher tail effectiveness due to the powered control.

The tail volume coefficient of the DUUC will be smaller because of the effectiveness of the
Propulsive Empennage.

The DUUC will have a higher propulsive efficiency as a result of the additional thrust generated
by the ducted propulsors.

The center of gravity excursion of the DUUC will be larger compared to a conventional turboprop
aircraft.

Placing the Propulsive Empennage in front of the wing will enhance the aerodynamic perfor-
mance of the DUUC.

1.4. Scope

To clearly define the research of the DUUC and to be able to answer the research question within the
timeframe of the thesis, a scope has been established. Since the DUUC is still in a conceptual design
phase, several assumptions have to be made and their implications have to be defined.

The following things are within the scope of the thesis:

e Improvement and extension of current aerodynamic and flight mechanics model for evaluating the
DUUC.

e Evaluation of the Propulsive Empennage efficiency and aerodynamic forces by means AVL, XFoil
and a BEM model.

e The feasibility of the DUUC concept will only be evaluated during cruise.

e The DUUC will be benchmarked against the ATR72-600 aircraft.

e The static longitudinal and static directional stability are evaluated.

e Determine the flight performance implications of the DUUC.

e Alternative positions of the Propulsive Empennage on the fuselage are evaluated.
e Sensitivity study on key design parameters inside the Propulsive Empennage.

o Design changes (like control vane configuration) are only evaluated in a conceptual method.

Because of the conceptual state of the aircraft design, which requires quick and (potentially) large design
changes, the analysis does not suit itself to detailed full aircraft CFD or FEM analysis. Additionally,
some other things are excluded from the feasibility analysis:

e Detailed design and weight estimation of the propulsion group inside the Propulsive Empennage.
o Noise analysis of the aircraft concept.

o Lateral stability effects.

« Effects with respect to aileron (roll) deflection.

« All flight conditions beyond cruise.

Hence, this thesis is limited to the aerodynamic and flight mechanics evaluation of the DUUC V0.1
concept, focusing on the integration and optimization of the Propulsive Empennage onto a regional
turboprop aircraft framework. The work aims to provide a definitive assessment of the technical feasi-
bility and performance trade-offs of the unconventional aircraft configuration in the limited resources
and timeframe of this master thesis project.
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1.5. Thesis Outline

The thesis is built up according to the flow scheme illustrated in Figure 1.4. The thesis starts with a
part where background information is given. The DUUC definition described in chapter 2, includes an
extensive review of the existing research into the DUUC and important definitions of the Propulsive
Empennage. Next, a literature study is done in chapter 3 that treats all relevant topics with regard to
ducted propellers and the flight mechanics behavior of the aircraft. In the next part of the analysis, the
Integrated Aircraft Feasibility Model is setup in the methodology. A differentiation is made between
the aerodynamic and flight mechanics part of the IAFM, found in chapter 4 and chapter 5, respectively.
Both models are validated in their last sections. The third part of this document contains results in
chapter 6. First, the DUUC empennage is compared with the conventional empennage of the ATR after
which two configurations of the DUUC are compared with the baseline aircraft. Next, a study of the
sensitivity of important parameters in section 6.3. The analysis is concluded in section 7.1 followed by
recommendations in section 7.2.

EX|sat:1r1ag?yIZilsJUC »{ Literature research
A 4
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Figure 1.4: Flow chart of the thesis outline.
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DUUC Definition and Prior Work

The Delft University Unconventional Concept (DUUC) is an innovative aircraft design with a so-called
Propulsive Empennage [1]. This empennage is sized for stability and control whilst also being the
propulsive system on the aircraft [16]. The original shape of the wing-body was inspired by the Boeing
737-700 [11] and the mission profile is derived from the ATR72-600 [17]. The PE consists of two Ducted
Fan System (DFS) which each are constructed from ducted propellors with control vanes at the rear
end of the ducts. The propulsors are attached to the fuselage by two pylons. An artist impression by
van Arnhem [1] of the DUUC is given in Figure 2.1.

Figure 2.1: Artist impression of the DUUC V0.1 [1].

The DUUC has a harmonic mission profile of 1530 km with a payload of 7500 kg, as noted by Vos et

al. [11]. The operating Mach number is between 0.4 and 0.6 as determined by the reference data of the
ATR [18].

The innovative PE is built on the principle of synergizing the propulsive systems with directional
and longitudinal control. Using a ducted propeller, the efficiency is increased at low speeds due to the
limitations of tip vortices and decreased streamtube compression according to Pereira [19]. It also allows
for the ability to vector the thrust with the control vanes at the rear end of the duct. An additional
benefit of the DUUC would be the clean wing principle as the flow on the wing is not influenced by the
wing-mounted engines and the reduced perception of noise inside the cabin as the engines are placed
after the cabin as discussed by Stavreva [15].

The Propulsive Empennage of the DUUC V0.1 includes two ducted fans. Each ducted fan contains
a duct, propellor, center body (core, including the engine), control vanes in horizontal and vertical
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direction and a pylon, or support strut, attaching the propulsor to the fuselage.

The terminology of duct, ring wing, annular wing and shroud, illustrated in Figure 2.2a, are used
interchangeably throughout this report. Similarly, for tail-off and tailless when discussing the stability
and control of the aircraft, for which an illustration is shown in Figure 2.2b. The terms rotor and
propeller, visualized in Figure 2.2¢, are considered equal in all sections.

), W

/";

(a) Illustration duct, ring wing,
annular wing and shroud. (b) Illustration tail-off and tailless. (c) Hlustration rotor and propeller.

2.1. Previous Research

The DUUC V0.1 has been topic of various studies, addressing aerodynamic performance, structural
sizing and mass estimations. Stability and control requirements must be satisfied and handling qualities
should be sufficient. Their findings are presented in this section.

The unconventional configuration with Propulsive Empennage was implemented in the initiator design
code by van den Dungen [16]. This has been used to compare the DUUC with the ATR72-600. The
horizontal and vertical tail surface was found to be undersized due to the tail volume coefficient, which
did not scale during the design iterations. The positioning of the wing for longitudinal static stability
and trim was found to be a challenge for the DUUC due to the high tail load. The performance of the
DUUC shows an increase in OEM of +17.4%, +12.9% fuel mass and +11.2% MTOM, considering the
harmonic mission profile. A reduction in parasite drag is visible, but that is diminished by an increase
in trim drag adding up to 14% additional drag during flight, compared to the ATR72-600 [1(].

The aerodynamic performance of a ducted propeller system has been investigated by Harinarain [13].
No general relationship has been found between thrust (setting) and lifting force as this depends on
the shape of the duct. The control vanes have been found to be less effective compared to conventional
rudders and elevators. After the onset of stall of the duct, the control vanes will not lose effectiveness.
It became apparent that at low inflow velocities the total thrust to power ratio was increased after
which it decreases [13].

Hameeteman [20] created a parametric model in ParaPy (Knowledge Based Engineering software [21])
that has been used to create input files for extensive CFD analysis. The extracted data set has been
used by Hameeteman for flight mechanics simulations to assess its handling qualities. The thrust has
a significant effect on all components inside the duct and shows an increase in lift with increasing
thrust. The vertical control vane, duct, and center body show a decrease in drag regardless of the
elevator deflection. The placement of the ducted propulsors aft and above of the center of gravity line
contribute to a stabilizing effect. However, this placement shifts the center of gravity aft and directly
destabilizes the aircraft. Requiring more trimming efforts and hence more trim drag [20].

When a fuselage-mounted ducted propeller configuration is designed with the same top-level aircraft
requirements as conventional aircraft, it demonstrates a feasible design with respect to performance
and stability. For a harmonic mission of 1530 km, it shows an increase in fuel burn of 12% and a larger
excursion of the center of gravity due to the aft position of the propulsion group [11].

The thrust-elevator interaction research has shown the non-trivial flight mechanics behavior that occurs
due to the effectors interaction. This clearly distinguishes the DUUC from a conventional engine-tail



2.2. Important Definitions 1

aircraft. It also showed an increase in control effectiveness (of the control vanes) in a throttle-up
situation [17].

Stavreva [15] set up a way to structurally size the Propulsive Empennage in order to estimate the weight
of the empennage in more detail. Take-off, cruise, and dive are used as critical design conditions in
the sizing process. The design of the duct, made of aluminum, had a mass less than half of what was
predicted by empirical relations. When the material is changed to CFRP, a mass reduction of 70% is
achieved. A Kevlar inner liner has been added for blade containment in case of a blade loss. The pylon
mass was originally underestimated by empirical methods; a reduction in weight can again be made by
changing the material to CFRP.

Varying duct sizes have been studied and it was observed that the drag is larger for smaller ducts at
low angles of attack, which can be explained by the control vanes inside the duct. At larger angles of
attack, the drag of the larger ducts becomes more dominant compared to the control vanes. For a stable
design, it is proposed that the wing position is at 47.5% of the fuselage length. Placing the Propulsive
Empennage forward by 20% of the fuselage length leads to a smaller excursion of the center of gravity
[22].

2.2. Important Definitions

Some definitions in this report are used differently in other papers or are important to understand the
principles. They are defined in this section to clarify the explanation and to ensure a clear baseline for
comparison. The most important definition is the definition of the Propulsive Empennage, Ducted Fan
System and component specification inside the Propulsive Empennage, given in subsection 2.2.1 and
subsection 2.2.2, respectively.

2.2.1. Propulsive Empennage and Ducted Fan System

When speaking about the Propulsive Empennage, it includes two Ducted Fan Systems which include
the components mentioned in subsection 2.2.2. It is important to understand that this system aims to
provide propulsion and stability to the aircraft. The PE is illustrated in Figure 2.3a and one DFS is
shown in Figure 2.3b.

., /
.
y

(a) Conceptual illustration of the Propulsive Empennage (b) Conceptual illustration of a Ducted Fan System
(PE). (DFS).

Figure 2.3: Simplified drawings of the Propulsive Empennage definition
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2.2.2. Propulsive Empennage Components

The duct is a circular wing illustrated by the blue area in Figure 2.4a, the duct is axisymmetric. The
pylon is the component that connects the duct to the fuselage, illustrated by Figure 2.4b. The structural
component inside the duct, which mounts the propulsor and acts as a structural body for the duct is
named support strut and is visualized in Figure 2.4c. The nacelle enclosing the propulsor is shown in
Figure 2.4d. The propeller includes the spinner hub and is depicted in Figure 2.4e. Lastly, the control
vanes located at the rear end of the duct, seen in Figure 2.4f, include the elevators and rudders.

(a) Duct. (b) Pylon.

©

(c) Support strut. (d) Nacelle.

(e) Propeller. (f) Control vanes.

Figure 2.4: Conceptual component illustration of the components in the DFS.
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The different cross-sectional areas are required to determine the inflow velocity at different components.
The cross-sectional area including their station numbers are shown in Figure 2.5 which is only used to
define the station numbers per component. Depending on the airfoil shape of the duct, the diameters
at each cross section change.

#1 #2 #3 #4 #5 #6

| 1. Duct inflow

L 2. Propeller inflow

3. Support inflow

N 4. Support exit

5. Control vane inflow
6. Duct exit

Figure 2.5: Station numbers inside the duct including diameter number definition drawn in a conceptual DFS design.

2.2.3. Aspect Ratio

The Aspect Ratio (AR) of a duct has been defined in various ways throughout different researches on
this topic in the past. Ribner [23] used Equation 2.1 to define the aspect ratio, where R [m] represents
the radius of the duct and ¢ [m] the chord of the duct. Fletcher [24] has improved this definition using
the inner diameter of the duct. In this research, the duct diameter is taken between the two center lines
of the duct airfoils and the aspect ratio is defined as Equation 2.2. The chord is taken parallel to the
center line of the annular airfoil. Figure 2.6 illustrates the definition that will be used throughout this
research.

Ap— S B (2.1)
T+ Cduct

AR = & & diver (2.2)
(& Cduct

2.2.4. Cant Angle
The cant angle of the PE is defined as ¢ in Figure 2.7. This angle determines the position of the DFS
relative to the fuselage.

2.2.5. Advance Ratio

The non-dimensional parameter, advance ratio .J, is used to relate the airspeed to the movement of the
propeller, Equation 2.3. Where the Revolutions Per Second is defined by RPS, dpop [m] the propeller
diameter and Vo [m/s] the free-stream airspeed. The advance ratio is also used to define the efficiency
of a propeller in Equation 3.3 [25].

_ Voo Vs
" RPS-dpe, RPS-dy

J (2.3)
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dduct

Figure 2.7: Definition of the cant angle.

Figure 2.6: Aspect Ratio definition for the DFS.

2.3. DUUC V0.1

The current DUUC version (V0.1) has a duct which is an annular wing with NACA0012 profile. The
pylon and support a have similar airfoil profile, whilst the control vanes are created from NACA0016.
The propeller modeled in the DUUC V0.1 is the F568-1 propeller installed in the turboprop engine
Pratt and Whitney 127 that is used in the ATR72-600. The geometric characteristics of DUUC V0.1
are given in Table 2.1 that have been used by Varriale [17] for a longitudinal control study. The Ducted
Fan System is installed with a cant angle of 30 degrees with respect to the fuselage as described by
Varriale [17].

Table 2.1: DUUC V0.1 geometry as used by Varriale [17].

‘ Description ‘ Symbol ‘ Value ‘ Unit ‘
Wing span b 34.3 m
Mean aerodynamic chord c 3.96 m
Fuselage length Lus 34.5 m
Wing area S 103.5 m?
Empennage duct radius Rauct 2.27 m
Empennage duct chord length Cduct 2.27 m
Empennage cant angle ¢ 30.0 deg
Aircraft mass m 38.1 x10% | kg

Tduct

Figure 2.8: DUUC geometry with body reference system defined by Varriale [17].
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2.4. Reference Systems

Throughout this thesis, different reference systems are used for the definition of forces, components and
motion derivatives. This section aims to explain and illustrate the different reference systems used.

The stability and control derivatives including the aircraft resultant forces are defined in the body
reference system as illustrated in Figure 2.8. For determining the center of gravity, the object reference
system with zero point is used at the bottom of the fuselage and the nose of the cockpit. This system
is illustrated in Figure 2.9. The aerodynamic forces are defined in the flow axis system that is depicted
in Figure 2.10

Figure 2.9: Object reference system used to determine
the center of gravity of the aircraft.

Figure 2.10: Flow reference system used to determine
the aerodynamic forces of the Propulsive Empennage
and aircraft.






Literature Review

In this chapter, a literature review is done on all components of the ducted propulsor in terms of their
performance and relevant aspects. First the potential benefits of the DUUC aircraft are treated. The
propeller is treated after in section 3.2 followed by the duct in section 3.3. The pylon is the last element
investigated in section 3.4. In section 3.5, the sizing methods for a conventional empennage and their
implications for the DUUC are described. The requirements and relevant relations regarding stability
and balance are also discussed in the section about empennage sizing.

3.1. Potential benefits of the DUUC

Besides the benefits of using a ducted propeller there are some additional benefits of the DUUC V0.1
design on aircraft level are mentioned in this section.

Noise shielding

Placing a duct around the propeller has the benefit of shielding the radiated noise. With a proper
acoustic liner, a noise reduction can be achieved, especially during take-off and landing according to
Dittmar [14]. This has a beneficial effect on passenger comfort in the cabin, but also on the environment
in and around airports. One must be critical in weighting this potential benefit as Oleson and Patrick
[26] have shown that the addition made the ducted propeller louder because of the strong rotor stator
interaction.

The placement of the propellers at the back of the fuselage also improves the passenger comfort in terms
of noise in the front part of the cabin. The noise benefits of the DUUC V0.1 have not yet been explicitly
investigated.

Advantage of a clean wing

When engines are mounted on the wing, interference effects occur in the flow around the mounting
location. The interference drag increases between the pylon, nacelle and wing which leads to an increase
in aircraft drag [27]. The wing-mounted engine also has an effect on the sectional angle of attack of
the wing. With a rear-mounted engine, and thus having a clean wing, improves the performance of the
wing [28].

Flight path steepness

The control vanes directly behind the propulsion source allow for the vectoring of the thrust. Using
this ability, the exit flow of the engines can be directed such that an airbrake is created. This allows for
a steeper flight path, which improves flight performance. This is a conceptual thought for the DUUC
and has not yet been researched.

17



3.2. Propeller 18

3.2. Propeller

The performance of the propeller depends on multiple factors and will be defined. The effect of the gap
between the rotor tip and the duct is explained. The control vanes and pylon inside the duct can act
as a swirl recovery system.

3.2.1. Aerodynamic Performance

The aerodynamic performance of the propeller can be measured with multiple parameters common in
literature. The power and thrust coefficients Cp and Cr, Equation 3.1 and Equation 3.2 respectively,
are used to determine the propulsive efficiency n,, Equation 3.3. The torque coefficient Cg is also a
valuable parameter, Equation 3.4. The total thrust is the combined thrust of the propeller and the duct.
The air density of the free flow is represented by p, while the revolutions per second are given by n.

P Ttotal
Cp=—f—— 3.1 Cr=——7%—— 3.2
P 3 D3, (3.1) T o2 D40, (32)
Cr
- . Co=—F—— 3.4
Tp OP J (33) Q 0 'fl2 i Dgrop ( )

The isolated performance of the DUUC V0.1 propeller, F568-1 has been simulated by Filippone [29].
The propeller flight envelope is illustrated in Figure 3.2 where the optimum operating line is represented
in blue. The lines of constant propulsive efficiency and collective pitch are also given in the figure.

When the performance of an open rotor is compared to that of a propeller inside a duct, some clear
differences can be observed. The normal force gradient of the ducted propeller is much steeper with
increasing airspeed compared to an open rotor, according to Pereira [19]. The ducted propeller also
delivers more thrust in the same power range compared to the open rotor, this is depicted in Figure 3.1.
This statement is also based on the research of Martin and Tung [30]. The dashed line is the line that
combines the thrust of the propeller and duct. For both the open rotor and the ducted fan cases, the
power consumption decreases with increasing airspeed, the power consumption of the ducted fan always
stays lower than in the open rotor case, as experimentally studied by Pereira and Cai [19, 31].

Pereira [19] has experimentally shown that the effects of a change in angle of attack and airspeed on
propeller forces and moments are magnified by adding a duct around the propeller. This has also been
confirmed by Abrego [32].
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Figure 3.1: Thrust comparison for an open and

. > Figure 3.2: Power coefficient versus advance ratio of
shrouded rotor with a 6.3-inch propeller [19].

the F568-1 propeller with six blades, at various
collective pitch values [29].

Tip Loss

The movement of the propeller blade is correlated with the energy losses concentrated at the tip of the
blade. This loss has a consequence of an increase in power consumption. Because the propeller blade
has a finite length, a vortex is induced due to the high pressure below the blade that wants to flow
to the low pressure area on top of the blade. This vortex reduces the effective circulation, causing an
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energy loss that requires additional power from the engine. The tip loss comprises about 25% of the
total energy loss and includes the movement of the tip vortex and the interaction between the wake
and the vortex [33].

In propeller design, a tip-loss correction can be applied that has been developed by Prandtl. This cor-
rection is necessary when comparing an open rotor case with a ducted propeller. The loss in circulation
depends on the effective incoming flow, the 2D airfoil polars, and the radial position. The Prandtl tip
loss correction at a particular radial position is given in Equation 3.5. The parameter d is represented
by Equation 3.6. Here, the number of blades is given by B, and a is the axial induction factor [25]. A
loss in circulation also occurs near the rotor hub as the vortex shed by the hub influences the blade
sections in close proximity. This loss can also be modeled by mirroring Equation 3.5.

fross (%) = % -arccos (eﬁ(:“> (3.5)

dZZJ.i (3.6)

B /Nt (_a?

When considering ducted propulsion, the annular wing acts as an end plate at the tip of the blade.
This effect, called end plate effect, can be compared to winglets on aircraft wings but is not one-to-one
comparable. The end plate effect only applies when the clearance between the tip and the annular wing
is small enough. This effect lowers the tip losses as the lift-induced drag component is reduced.

The effect of increasing the clearance between the duct and the tip of the blade has been numerically
analyzed by Yongle [34], An [35] and many more researchers. This has also been validated experimentally
by Fletcher [24] and Black et al. [12]. It was found that, at low advance ratios, there is a linear
relationship between an Gap to Span Ratio (GSR) and a decreasing thrust and torque coefficient
(Figure 3.3a and Figure 3.3b). The GSR is measured as a percentage of the blade radius. At higher
advance ratios, the GSR ratio decreases first, after which it increases (Figure 3.3¢); this can be explained
by reversed pressure at the leading edge. With an expansion of the gap, the vortex structure changes
from a shed vortex to one big separation vortex. The blade loading and vortex structure affect each
other at the trailing edge. The propulsive efficiency as illustrated in Figure 3.3 is defined as Equation 3.3
and represents the total efficiency of the ducted propulsor.

An important relation between the tip gap and duct thrust was found. The thrust of the duct increases
with a smaller tip gap. This performance increase can be correlated to the breakdown of the tip vortex
into an increased axial velocity in the duct [36, 24, 12].

Black et al. [12] experimentally showed an average increase in thrust at a fixed flow speed, M = 0.4,
and propeller advance ratio. It showed a slight decrease at M = 0.5, which can be attributed to the
interaction between the boundary layer of the duct and the tips of the propeller blade. Increasing the
gap consistently shows a lower performance at low Mach numbers.
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Figure 3.3: Numerical relationship between efficiency and tip clearance for a ducted propeller (d = 240 mm) [34].
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3.2.2. Swirl Recovery

Depending on the propeller design and operating conditions, swirl losses in the propeller slipstream
can be up to 10% [37]. When the disk loading increases, swirl losses increase and the efficiency of the
propeller decreases. Subsequently, a potential mitigation for this is the use of Swirl Recovery Vanes
(SRV). As the inner part of the pylon and the control vanes are in the propeller slipstream, they could
serve the purpose of a stator for swirl recovery.

Wind tunnel experiments have shown efficiency increases around two percent with static SRVs [38].
Numerical solutions demonstrate the potential for an efficiency increase of up to five percent using the
same configuration [39]. The distance of the recovery vanes to the propeller determines the efficiency
gains as the vanes block the flow behind the propeller. This will limit the flow capacity and increase
the incidence angle of the blade sections. This increases the blade load, which enhances the swirl losses
in the slipstream [40].

The effect of SRVs has mostly been studied for open rotor systems [41]. Li et al. [42] has studied the
aerodynamic performance and interaction of the swirl recovery vanes inside a ducted propeller. His
research showed that an increase in propulsive efficiency of up to 5.08% can be achieved. The SRVs
have a coupled flow interference with the duct and the blade that results in reduced thrust and power
consumed by the blade. This loss is compensated with the thrust generated by the swirl recovery vanes.
The velocity contour comparison, provided in Figure 3.4, shows a lower velocity near the leading edge
of the duct without SRVs.
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(a) Duct velocity contour without SRV (b) Duct velocity contour with SRV

Figure 3.4: Velocity contour comparison at hover with and without a SRV for a ducted propeller. With a propeller speed
of 8000 rpm and inflow velocity equal to 0 m/s [42].

An additional benefit of the swirl recovery vanes is the torque generation in opposite direction of
the counter-torque created by the propeller. The research of Li [42] has also shown a counter-torque
reduction of up to 63.1% for a particular case, which could be beneficial for the structural sizing of the

pylon.

3.3. Duct

The duct, which can be seen as a circular wing, has two main functions in the context of the PE.
One is the generation of a lifting force and secondly the flow contraption around the propeller. Another
function of the duct, is that it is able to generate some static thrust at low inflow velocities. This section
describes the aerodynamic performance of the duct, the streamtube compression when a propeller is
placed inside the duct and the critical design parameters related to the duct.

3.3.1. Aerodynamic Performance
The aerodynamic performance of the duct is split up in a lift and drag component and the moment
induced by the duct.

Lift

The lift curve slope of annular wings has been studied numerous times in the past where experimental
data is compared with different theoretical models for high and low aspect ratio wings and for different
planforms. Ribner [23] has established the first basis for theoretical modeling for annular wings, although
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the advantages of non-planar wings were known much earlier from the work of Prandtl [43]. Ribner has
found that a circular wing has double the lift compared to a planar flat wing that spans the diameter.
The lifting line theory was applied on the annular wing to find get to this conclusion. Fletcher [24]
has experimentally studied annular wings of different aspect ratios (dguct/Cduct) and has come to the
conclusion that the lift curve slope of an annular wing is double that of a planar wing. This shows good
agreement between Fletcher and Ribner.

Magsood [44] has studied the theoretical prediction models for Cr_ with the experimental data for
annular wings of different aspect ratios. This study, of which the results are shown in Figure 3.6, has
concluded that the Weissinger prediction model for elliptical planforms match the experimental results
the most. It must be noted that these methods are only based on linear lift-curve assumptions and
hence ignore nonlinearities. In the Weissigner prediction model, the lift curve slope of the annular wing
is calculated using Equation 3.7. Where (onnuiqr is determined using Equation 3.8 and C}, is the lift
curve slope of the 2D airfoil section that is used inside the annular wing.

s
Cla,annular = 5 : Cannular : Cla,ZD (3~7)
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Figure 3.5: Contribution of potential and vortex lift [44].

effects [44].

When applying the leading edge suction analogy to the lift prediction of annular wings, the overall lift
can be parametrized into a pressure-induced and vortex-induced contribution. This concept of Polhamus
[45] is based on the fact that the total lift is a sum of the potential flow lift and the lift associated with
leading/side-edge vortices. Lamar [46] has extended the concept so that the side-edge vortices also
contribute to the vortex lift. The potential lift can be estimated using Equation 3.9, where K, has been
obtained using empirical techniques according to [44]. The vortex lift equivalent to the leading edge
suction force can be written as Equation 3.10, where K, is a constant. The different contributions to
the lift coefficient are shown in Figure 3.5.

Cip = K, - sin(a)cos®(a) (3.9)
Cho = K, - cos(a)sin?(a) (3.10)

When the values for K, are set to twice the values that are usual for elliptical and rectangular wings,
the results in Figure 3.7a are obtained. This formulation suggests that the vortex lift is about a third
for the annular wing compared to the planar configuration. The pressure-induced lift is thus about
twice as high compared to the planar situation. This is also in agreement with the research of Ribner
[23].
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Magsood [44] has determined a numerical formulation for the lift of an annular wing that closely matches
the experimental data. Fquation 3.11 is used, which is a combination of Equation 3.9 and Equation 3.10,
where the value of K, remains constant at 7/3 and K, is determined by Equation 3.12. The aspect
ratio used in this equation is 1.62 and K, . = 6.25. This formulation matches the experimental data
accurately in the pre-stall regime. The comparison between theory and experimental data is shown in
Figure 3.7b.

Cr = K, - sin(a) - cos*(a) + K, - cos(a) - sin*(a) (3.11)
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Figure 3.7: Validation of theoretical prediction of lift coefficient for annular wings [44].

One of the benefits of an annular wing compared to a rectangular wing is the delay of stall. Kanoria [47]
has determined this computationally, but also Fletcher [24] noticed this during wind tunnel experiments.
Stall leads to the shedding of vortices and flow separation, but the stall form tends to be benign. Fletcher
[24] has observed that for high aspect ratio ring wings, the stall behavior becomes more abrupt, as is
depicted in his results in Figure 3.8a.

Anderson [48] has investigated the propeller location with respect to the duct. In the below-stall region,
there is not much difference between the different configurations of propeller inside the duct. After the
onset of stall, the difference between a tractor and pusher configuration become larger. For the pusher
configuration, separated flow from the annular wing hits the propeller which causes uneven loading,
resulting in a reduced propeller effectiveness according to Anderson [48]. The pusher configuration does
delay stall marginally but the tractor configuration has a much bigger effect. As this configuration
re-energizes the boundary layer, it delays stall significantly in a low power case. Figure 3.8b illustrates
the effect of stall with different propeller locations compared to a case without the propeller.

Aerodynamic moment

One of the parameters required for the longitudinal static stability analysis is the aerodynamic moment
of the ducted propulsor around the aerodynamic center of the aircraft. Werle [19] has devised a method
that determines the moment around the aerodynamic center of the duct itself in Equation 3.13.

o = Cone + - A-ag-Cpyy (3.13)
3.7
If the duct were to be treated as a nacelle, Torenbeek [50] would provide a statistical method to
determine the aerodynamic moment of duct on aircraft level for fan-based engines. This method is found
in Equation 3.14 and does not vary with engine parameters. A more accurate method of predicting the
pitching moment coefficient for the duct is required to properly analyze the performance.
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Figure 3.8: Variations in lift coefficient including onset of stall for different aspect ratio wings and different propeller
locations.
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Lamar [46] has proposed a method to determine the pitching moment coefficient for nonplanar wings.
This method is given in Equation 3.15, where x,, and z. are represented by Equation 3.16 and Equa-
tion 3.17, respectively. The results are depicted in Figure 3.9 where the experimental results of Fletcher
[24] are compared with the leading edge suction analogy formulation of Lamar. This shows a good agree-
ment between the theoretical prediction and the experimental data. Figure 3.10 shows a more detailed
prediction by Magsood [44], the values used in the equations are: a = 0.3, b = —0.786, ¢ = —0.26 and
p1 = 0.63, pg = —0.35. Only at an angle of attack of 9° is the prediction off which can be attributed to
the way x. is predicted.

Oy = xp - K,y - sin(a)cos(a) + z, - K, - sin®(a) (3.15)
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Drag

Fletcher [24] realized that the gradient of the induced drag of the annular wing is half that of a planar
wing, which can also be concluded from Figure 3.11 from Raymer [51]. The induced drag for the annular
wing is defined in Equation 3.18.

2
Ch, L

=5 AR (3.18)

Compared to the advantages with respect to lift mentioned previously, an annular wing has more wetted
area and is hence expected to have a larger zero-lift drag. Traub [52, 24] showed that the beneficial
induced drag is offset by the larger zero-lift drag. Traub [53] concluded from this that annular wings
are aerodynamically more efficient than planar wings, since the drag increase does not follow the same
scale as the increase in lift as can be observed in Figure 3.12.

1.0 0.2 4
! ! ! : | Re=170,000
1 1 1 I e =0.99
2 ! | i ! 0.15
o I i Biplane ‘L b
% I L. X Flat Wing
g i ] I . _ *®
B e e e o (A Co 01 ... copnci(rARe)
% : :Boxp\ane 1 \ T _CDG"‘chLz"'GL;"(ﬂ'AREJ
2 I ! ! ; 0054 ==
: 1 1 | -
| I 1 |
1 1 |
00 : I ] I Y 1T ' 1 L
00 02 04 06 08 10 0 01 02 03 04 05 06
Overall Height / Span CL

Figure 3.11: Induced drag variations over height/span
for nonplanar wings [51].

Figure 3.12: Drag polar comparison between flat wing
and annular wing [53].

However, Wan [54] places a critical note when examining the performance of annular wings that the lift
and drag coefficients are compared when using the projected surface area. The actual surface area of
the ring wing is 7 times larger. Therefore, it cannot be assumed that the performance of the annular
wing is superior to that of a flat, planar wing.

When investigating the interaction between the duct and the propeller, Black [12] noticed that the duct
drag slowly decreases with increasing rotational speed of the installed propeller as well as in power
loading. This can indicate that the axial pressure forces compensates for the increase in viscous drag
[12]. In general, it can be stated that at low inflow velocities the duct contributes to the net thrust, but
at higher inflow velocities the duct will decrease the net thrust.

In setting up a numerical relation to predict the drag of an annular wing, Lamar [46] has found that the
drag can be predicted by Equation 3.19. The factor K depends on the aspect ratio as can be observed
in Equation 3.20. Figure 3.13 shows the comparison between the theoretical prediction of duct drag
and the experimental data [44].

Cp=Cp, +K-C? (3.19)
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Figure 3.13: Comparison Cp - a: theory versus Equation 3.19 [44].
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A suggested performance improvement for annular wings is the application of stagger. Traub [53] has
researched the effect of stagger on an annular wing and its effect on the lift and drag coefficients. The
negative stagger illustrated in Figure 3.14, has shown a significant reduction in the minimum drag
coeflicient. In addition, a reduction in pressure drag was also found. The lift coefficient was similar to
the un-staggered situation. The nose-up pitching moment for a negative staggered situation is much
stronger than without stagger. The drag reduction can be related to the reduction of the laminar
separation bubble while displacing it further aft. Thus, applying a stagger to the duct of the Propulsive
Empennage could reduce the drag of the empennage. However, the interaction of a staggered duct with
a propulsor has not yet been researched in detail.

NACA 0012 section

Freestream

A = -4 deg (negative) A =40 deg (positive)

Figure 3.14: Diagram of the experimentally tested staggered ducts. Left: negative stagger of 40 degrees, right: positive
stagger of 40 degrees [53].

3.3.2. Streamtube Compression

The main performance increase of ducted propulsion lies within the principle of restricting the natural
contraction of the flow after the propeller. Using the actuator-disk model combined with conservation
laws and momentum theory shows that the velocity increase in the wake is twice the induced velocity at
the propeller. The conservation of mass then shows that the contraction of the slipstream is inversely
proportional to the increase in velocity [25]. Depending on the duct shape, the slipstream inside the
duct is forced to keep the same cross-sectional area or potentially increase. When the flow remains
attached to the surface of the duct, the velocity increase at the far wake can be reduced, hence reducing
the power requirements of the propeller [19]. For this theory to hold, it should be noted that within
the momentum theory it is assumed that the slipstream is fully expanded to ambient pressure. The

expansion ratio ogue in Equation 3.21 is therefore an important parameter in ducted propulsion.
Aem’t
Tduct = (3.21)
prop

This expansion ratio can be used to determine the total thrust of the ducted propulsor by using Equa-
tion 3.22 [19]. A correction factor Kyppqyst i added to this equation to correct for viscous effects and
other deviations from the theoretical derivation. The exact value of this correction factor has to be
determined.

Torop 1
- K 3.22
Ttotal 2. Oduct " ! ( )

Apart from the increase in thrust due to streamtube compression, the duct itself will generate a small
portion of thrust at low inflow speeds and depends on the inflow angle. This thrust is generated because
of an increased suction area around the leading edge of the duct and is the largest in static conditions.
Figure 3.15a shows the flow streamlines in a ducted propulsor at static conditions. Black [12] has
experimentally determined the thrust generated by the duct and the pressure distribution is depicted
in Figure 3.15. The thrust component rapidly decreases into a drag component with increasing inflow
speeds. However, an additional thrust component under near-static conditions can be beneficial for
power loading in take-off conditions.
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Figure 3.15: Duct pressure distribution at M = 0.05 with a propeller thrust of 330 pounds [12].

3.3.3. Duct Design Parameters
There are several design parameters that influence the performance of the duct. The airfoil profile/shape
determines flow characteristics and enhances or reduces interference effects.

e Aspect ratio - similar to unswept wings, lower aspect ratio annular wings have larger maximum
lift-drag ratios. This also applies to the wake characteristics of airfoils [24].

e Duct diameter - determines the size of the fan inside the duct and thus also affects the thrust
generation of the PE. Together with the chord of the annular wing, it determines the aspect ratio
mentioned above. The duct diameter is also linked to the weight of the duct and hence influences
the stability of the aircraft.

e Position of the rotor - the location of the propeller inside the duct affects the flow inside the duct
and affects the streamline compression and swirl recovery inside the duct. Moreover, the position
of the rotor inside the duct also determines the expansion ratio that the duct has. This has an
effect on propeller thrust generation as explained by Pereira [19].

o Camber/airfoil shape - is one of the factors that determines the expansion factor in Equation 3.21
and affects the lifting performance of the annular wing.

3.4. Pylon and Support

The pylon and the support strut are the parts that connect the ducted fan and the propulsion system
to the fuselage. The design of this component aims to keep drag and weight to a minimum without
losing structural integrity. The pylon also houses critical systems like fuel lines, electrical harnesses and
potentially hydraulic components.

3.4.1. Structural Sizing

The pylon connects the engine to the wing or, in the case of the DUUC, to the fuselage. This structural
purpose implies that it needs to withstand the forces and moments induced by the propulsor. The
applied loads, together with the equipment to fit in the pylon, are the sizing factors for the pylon
and support strut. A weight estimation specifically for a pylon specifically is not available, the weight
is generally included in the empirical nacelle mass estimations, for example Equation 3.23 where the
nacelle mass [Ib] depends on the take-off thrust, according to Torenbeck [50].

Mpacelle = 0.065 - /Ttakefoff (323)

Specifically for the DUUC, the pylon is completely outside the duct, whilst the support is fully inside.
The position of the ducted propulsor with respect to the fuselage has implications for the structural
sizing of the pylon. Vos [11] concluded that there is a strong resemblance with the weight estimation
of horizontal tail planes and the pylon for the Propulsive Empennage. Assuming that the surface is
fixed and not swept, Equation 3.24 applies. Where Vy;,e [kts] is the dive speed. This equation shows
that the diving speed and surface of the pylon are driving factors and are based on statistical data from
conventional aircraft. Also note that the primary function of the pylon is not to provide stability [11].
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0.2
Mypylon = Spylon * (3.81 - Spylon

Vigive — 0.287) (3.24)

For a more detailed weight estimate of the pylon, in the conceptual design stage, should consider the
loading conditions at take-off, diving, crash landing and propeller blade loss [15]. The primary loads
expected in static loading are high bending stresses and shear loads. Vibrations should also be taken
into account for the blade loss condition. The more detailed sizing is considered outside the scope of
the research.

3.4.2. Aerodynamic Performance

The geometry of the pylon significantly influences the flow patterns around the junction with the
connected surfaces. Generally, this is the wing, but in the case of the DUUC it is the duct and fuselage.
Fairings are typically used to reduce super velocities and decrease the possibility of a local shock wave
according to Vos [55].

The additional drag resulting from the interference between the two surfaces can be determined by the
method described by Hoerner [56]. A difference is made between a T-junction and a plane-junction in
Equation 3.25 and Equation 3.26, respectively. The main difference is the fact that on a T-junction,
there is flow on the other side of the wall behind the junction. Whilst for the plane-junction there
is no flow behind the wall. A schematic representation is shown in Figure 3.16a and Figure 3.16b,
respectively.

2
t
Cd,interfe'r‘ence =17- <C> —0.05 (325)
¢ 3
Cd,interference =038 (C) —0.0003 (326)

When the pylon and the support are treated as a fixed dihedral finite wing, it will provide a small
contribution to the lifting capacity of the empennage. When considering the DUUC, with a dihedral
angle of 30°, the part between the duct and the fuselage can be considered a V-tail. Because of this
high dihedral, the lifting contribution is considered small and potentially neglible.

The asymmetric downwash effect from the wing can cause a destabilizing lateral moment on the Vee-tail.
At high dihedral angles, the longitudinal moment curves will increase with the risk of creating a ’loop’,
which can compromise the moment balance of the aircraft. However, since the dihedral angle is between
20°-45°, this will not be considered a problem according to Zhang [57].

: \.._’ . ;
|

(a) Schematic view of a T-junction used to calculate the (b) Schematic view of a plane-junction used to calculate
interference drag between the surfaces [56]. the interference drag between the surfaces [56].

Figure 3.16: Schematic representation of the distinct junction types for calculating interference drag.
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3.5. Empennage Sizing

The design of a traditional empennage, consisting of a horizontal and vertical tail surface, is done
with the purpose of providing stability and control of the aircraft [58]. The explicit functions that the
empennage performs are:

1. To provide static and dynamic stability,
2. To enable control of the aircraft, through movable parts,

3. To provide a state of equilibrium in each flight condition.

The tail planes are built from a static lifting surface and a control surface that both contribute to the
main functions. It is important to note that a trim device or way of trimming should be present in order
to accommodate the equilibrium state in each flight condition. In this section, the procedure of sizing
of the empennage is explained by means of the initial sizing method with the tail volume coefficient
and based on a higher order method. In addition, longitudinal and directional static stability will be
treated.

3.5.1. Tail Volume Coefficient

The tail volume coefficient is a non-dimensional parameter involved in the preliminary design phase
where the tail size is estimated based on statistical data. This method of sizing for planar wings
multiplies the ratio between the surface of the horizontal tail and the wing by the length of the tail
arm, lgp and lyp, respectively. This tail arm length is normalized with the mean aerodynamic chord
(¢). The tail volume coefficient for the horizontal tail is given in Equation 3.27. A similar approach is
used to size the vertical tail surface: however, the tail arm length is normalized by the wing span (b) of
the aircraft. The equation is shown in Equation 3.28 setup by Scholz [59]. Torenbeek [50] argues that
the controllability of the aircraft is directly related to the tailplane volume.

Sht . lht o Svt : lvt
S ¢ (3.27) Cu =5

The tail arm lengths are defined from the center of gravity of the aircraft to the aerodynamic center
of the tail surface, Figure 3.17. Similar-sized aircraft are used to determine a range of the tail volume
coeflicients in the design process. The value of the horizontal tail volume coefficient ranges between:
0.5 < Cp; < 1.2, where a value around 0.8 is considered good according to Kumar [60]. Similarly for
the vertical tail: 0.05 < Cy; < 0.10 with a value of 0.07 considered good [61]. It should be emphasized
that the surface area obtained through the tail volume coefficient does not directly imply a stable and
trimmable design as it is a method to conceptually determine the required surface area.
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Figure 3.17: Tail lever arms for tail volume coefficient [60].

For the DUUC reference aircraft, the tail volume coefficients are given in Table 3.1. The ATR72-600
does have a T-tail configuration which result in different tail volume coefficients than a Boeing 737-700
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for example. Airplanes with a T-tail configuration tend to have a lower C,;, as the horizontal tail
surface acts as an end plate of the vertical tail surface [60]. However, the Boeing 737 has a lower C,;
which can be attributed to the difference in wing configuration between the two aircraft.

Table 3.1: Tail volume coefficient for DUUC reference aircraft.

’Reference aircraft \ Che \ Cut ‘

ATRT72-600 [62] 1.050 | 0.119
Boeing 737 - 700 [61] | 0.919 | 0.081

The horizontal tail effectiveness of the horizontal tailplane can be determined by multiplying the tail
volume by the aerodynamic efficiency of the surface (Cr_). This results in Equation 3.29. A way to
determine this for the PE is taking the projected surface of the PE and input that as the horizontal
tail surface, according to van den Dungen [16].

Sht  lht
_ L2 2
Nht ( Su-C > Cr., (3 9)

The fan thrust effects, aerodynamic contributions of the ducts, supports and pylons are included in the
lift gradient of the PE. In the work of van den Dungen [16], it is concluded that the tail effectiveness of
a planar tail cannot be directly equated to the effectiveness of the Propulsive Empennage. This would
result in unrealistic values for the AR of the duct. Design changes in the AR of the duct will influence
both the projected surface area and the lift curve slope of the tail. The question that arises is whether
using a projected surface area of the tail in the tail volume coefficient is a representative way of sizing
the duct in the Propulsive Empennage.

3.5.2. Higher Order Method

Torenbeek [50] argues that longitudinal stability is primarily affected by the area ratio between the
horizontal tail and the wing. The requirement for the area ratio leads to the aerodynamic limits of the
center of gravity of the aircraft. This plot can then be combined with the center of gravity limits of
the airplane without horizontal tail. This leads to the X-plot in Figure 3.18. This plot explains the
combination of the minimum tail area required to balance the aircraft combined with the best wing
positioning.
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Figure 3.18: Balancing the airplane [50].

This method relies primarily on the force and moment balance of the aircraft. This method cannot be
applied to unconventional configurations without making changes. It should be noted that the tailless
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aircraft that Torenbeek considers does include a propulsion group on the wing. Additionally, the area
ratio between the tail and the wing is considered a free variable, which has not been the case for the
DUUC in previous design iterations.

The Performance, Handling Qualities and Load Analysis Toolbox (PHALANX), developed by the TU
Delft, is a flight dynamics simulation model used for advanced analysis. This tool has been used by
van den Dungen [16] to model the DUUC and compare it with the ATR72-600 baseline. Figure 3.19
illustrates the results that show the changes in the location of the center of gravity during flight. This
shows that the center of gravity shift of the DUUC in the harmonic mission has a completely different
shape compared to the ATR.
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(a) Center of gravity shift DUUC. (b) Center of gravity shift ATR72-600

Figure 3.19: Center of gravity shift comparison [16].

3.5.3. Longitudinal Static Stability
To be able to determine the longitudinal static stability requirements and relations for the DUUC, the
first step is determine the how this is done for conventional aircraft. Figure 3.20 illustrates the forces

and moments that play a role in a conventional aircraft configuration with respect to longitudinal static
stability.

W sind
VS

Figure 3.20: Simplified FBD of the forces and moments for equilibrium in a conventional aircraft configuration [63].

A translation step can be performed for the DUUC in Figure 3.21 based on the information from the
previous research of van den Dungen [16]. From both FBD’s the sum of forces in x- and z-direction can
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be made as well as the moment definition about the y-axis.
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Figure 3.21: Free Body Diagram DUUC with force and moment definition used in LSS.

To have longitudinal static stability, the force balance requires a body that generates a moment around
the center of gravity of the aircraft to counteract the moment generated by the wing and fuselage
[50]. Usually this is done by the horizontal stabilizer but in case of the DUUC should be done by the
complete Propulsive Empennage which has some implications with respect to the conventionally applied
relations.

The moment coefficient around the aerodynamic center without the tail is usually built up from a
contribution from the wing, fuselage and nacelles as defined by Mulder et al. [63]. Care must be taken
in the bookkeeping of these components for the DUUC. The nacelle contribution is not present in the
case of the DUUC if the tail is removed. This contribution relates the frontal area of the fan with a
drag-induced moment, as can be concluded from FEquation 3.15.

Similarly, the location of the center of gravity without the tail is determined using contributions from
the wing, fuselage, nacelles and thrust [63]. Van den Dungen [16] found that the nacelle contribution,
which refers to a vertical force, is already implemented in the tail moment calculation and therefore is
set to zero.

When examining Figure 3.22, the trimmed condition is shown as point A. Disturbances in the form
of a small change in angle of attack change the lift forces on the aircraft and tail. By definition, the
stick-fixed neutral point is the center of gravity at which dCj;/da = 0, assuming a constant elevator
angle. For static stability, the center of gravity must be before the neutral point to achieve the condition
in Equation 3.30 according to Torenbeek [50].

f

dCh,
<0 (3.30)
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Figure 3.22: Pitching moment curve and trimmed condition
[50].
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The location of the center of gravity relative to the neutral point provides the static margin. The static
margin is expressed as in Equation 3.31. It should be noted that the horizontal tail volume coefficient
as discussed in subsection 3.5.1 is represented in this equation. The influence of the thrust is assumed
to be negligible in this relation according to Torenbeek [50] for low engine aircraft. But as the ATR
reference aircraft is a high wing aircraft with engine mounted wings, the thrust effect should be included
as this will introduce a stabilizing moment.

Ty — Teg CLh,t, de Sht ) lht Vht ?
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The position of the Propulsive Empennage has a significant effect on the moment balance based on the
tail lever arm but also on the location of the center of gravity. In this report, alternative positioning of
the empennage and their effect will be investigated.

3.5.4. Directional Static Stability

Static direction stability is related to the restoring moment that is generated when the aircraft is in
a side-slip condition. The coefficient C,,, represents this stabilizing moment and, for good handling
qualities, should be positive. This coefficient has contributions from the wing, fuselage, vertical tail,
nacelles and pylons for conventional aircraft as setup by Mulder et al. [63]. The PE will also have to
generate a restoring moment. When the coefficients are combined for the entire aircraft, Equation 3.32
is found.

Cpn, =C

"BpE

s +Cny, + Oanus (3.32)
A special case should be treated in terms of directional stability. Namely, the One Engine Inoperative
(OEI) condition, where, as the name implies, one of the engines is not operating. A FBD of an aircraft
in OEI condition is shown in Figure 3.23, it should be observed that there is an asymmetric thrust
production and the inoperative engine is producing a drag component. The yawing moment created by
this can be counteracted by the empennage. For the PE, it must be considered that if one of the DFS
is inactive, the control vanes have a different effectiveness and might even be unusable. This should
be incorporated into the analysis of the required moment as well as the different operating condition
of the working engine. Adib [22] has shown that the rudder loses effectiveness with an increase in the
advance ratio.

From a design perspective, the outboard position of the PE will determine the moments and required
rudder force, and thus its positioning limits will be researched in this report.

B
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Figure 3.23: FBD aircraft in OEI condition with asymmetric thrust and restoring moment [63].
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Aerodynamic Model

The aerodynamic performance of the Ducted Fan Systems and Propulsive Empennage within the IAFM
will be determined by semi-empirical relations. All components of the DFS are treated separately and
the definition/terminology of Figure 2.4 is used. The first step is to determine the inflow properties
for the components, after which the zero-lift drag is defined followed by the lift induced drag. The lift,
drag and pitching moment are calculated and the thrust for per DFS is explained. The definition for
the propulsive efficiency is given with an explanation of the reference frame.

4.1. Bookkeeping

Before the aerodynamic model is setup it is important to understand the force bookkeeping that is done.
Table 4.1 explains the definitions of lift, drag and thrust with respect to the DFS. A graphic illustration
of the force definition is shown in Figure 4.1. The forces are defined in the flow-axis system.

Table 4.1: Force bookkeeping for the aerodynamic model with respect to the DFS.

’ Force \ Explanation

Lift The lift force for the DFS is defined as the sum of all the forces in y-direction. As defined
in Figure 4.1a.

Drag The drag force is defined as a sum of all the forces in positive x-direction for the DFS. This
does not include the subtraction of a thrust force which would be in negative direction. The
definition is illustrated in Figure 4.1b.

Thrust | The thrust force is defined as the sum of forces in negative x-direction for the DFS. This
includes a combination of contributions from the duct and propeller. This is shown in
Figure 4.1c.

4.2. Inflow Properties

In order to setup the aerodynamic relations, the first step is to determine the inflow properties per
component. For the components inside the DFS, a differentiation is made between a 'power-on’ and
‘power-off’ situation which represents the engine being active or not. In this section the inflow angle
and velocity is determined. The results for a test case at a velocity of 128 meters per second, which
is equal to the free stream condition during cruise of the reference aircraft and an angle of attack of 5
degrees is given in Table 4.2, respectively. All values are taken at half the radial position of the blade.
It is a major simplification but it is assumed that value at that position is the average across the blade,
to allow for a more engineering approach of calculating the coefficients.

Duct
The inflow of the duct is influenced by the flow field created by the wing. The downwash created by the
wing’s bound and trailing edge vortices result in a corrected inflow angle that can be calculated using

35
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(a) Lift force definition for the DFS. (b) Drag force definition for the DFS. (c) Thrust force definition for the DFS.

Figure 4.1: Force bookkeeping for the Ducted Fan System.

Table 4.2: Local inflow velocity and local inflow angle per component in the DFS at Vo = 128 m/s and a = 0.

‘/;n/voo aloc/a
Power condition | Power on \ Power off | Power on \ Power off
Duct 128 128 4.5 4.5
Pylon 131 128 3.25 3.25
Propeller 146 146 4.5 4.5
Support 155 143 9.8 2.3
Control Vanes 138 130 4.6 2.3
Equation 4.1. The downwash angle (¢) is calculated in Equation 4.2 where the downwash at zero angle

of attack (ep) is given by Equation 4.3. The rate of change in downwash angle can be determined by
the derivative of Equation 4.3 given in Equation 4.4 [64].

€
Qin—duct = QU — by — € + lduct (41) €=¢ + @ C (42)
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€ 7 AR, (4.3) do - AR, (4.4)

When the control vanes are deflected, the flow field around is also affected. This has not been taken
into consideration in previous work yet but the effect has to be determined to be able to determine the
influence on the design. To allow a numerical prediction of the correction in the inflow angle, the setup
shown in Figure 4.2a in the Athena Vortex Lattice [65] (AVL) has been used. The lift coefficient of
only the duct has been compared at different deflection angles with the original lift curve slope of the
duct without elevator deflection. The lift coefficient values are shown in Figure 4.2b, where the blue
line represents the lift curve slope with an un-deflected elevator. The colored markers give the values
that are found at the given elevator deflection angles. A positive deflection of the elevator implies a
trailing edge down deflection.

Extracting the angle of attack that corresponds to the intersection of the lift coefficient found and the
slope of the duct lift curve leads to a linear relationship with the deflection angle, given in Equation 4.5.
This shows a negative trend, which means that with a positive deflection of the elevator, the inflow
angle of the duct becomes slightly negative. This can be explained by the channeling effect due to the
dominant change in pressure distribution on the lower side of the top airfoil and on the upper side of
the bottom airfoil. The final inflow angle for the duct is represented in Equation 4.6.
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Elevator Deflection Effect on Duct Inflow Angle
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(a) AVL setup used to determine the effect of elevator (b) Intersection points at different elevator deflection
deflection on the duct’s inflow angle. angles with the duct lift curve slope without deflection.

Figure 4.2: Elevator deflection effect on the duct inflow angle with control vanes places at x/c = 0.85, ARyt = 2.0 and
Celevator = 0.5 m.

Qeorrection = —0.0264 - 55 —0.0004 (45)

Qin,duct = Qduct T Qcorrection (46)
The inflow velocity in both power on and off conditions can also be corrected for the downwash of the

wing by using Equation 4.7. The result of Equation 4.4 is an input for this equation. In cruise condition
this correction will be approximately 0.5 m/s.

(45)°
‘/;n,duct =Ve- <1 - d; ) (47)

Propeller

The inflow parameters of the propeller are affected by the shape of the duct and the nacelle. In power-on
and off conditions, the inflow velocity is dictated by the shape of the duct, hence the inflow velocity
can be calculated by the continuity equation. Equation 4.8 shows the dependence on the diameter of
the different sections, Figure 2.5 shows the respective diameters.

D1\*

‘/in,p'rop = V;n,duct . <D2> (48)
The inflow angle in both power-off and power-on condition is set to be equal to the DFS angle of attack.
It is assumed that the chordwise position of the propeller plane inside the duct does not affect the inflow
angle significantly when it remains in the first 40% of the duct chord. The propeller is then still in front
or slightly after the thickest point of the duct airfoil.

Support strut

The inflow velocity of the support strut in power-off conditions can be calculated using the continuity
equation. The inflow angle is determined to be zero because of the straightening effect of the duct
surrounding the support.

In power-on conditions, the support is located in the swirl of the propeller. Where previously a propeller
slip model has been used by Harinarain [13], the IAFM relies on the engineering approach of velocity
vectors. This implies that the inflow velocity and angle can be determined by the axial and tangential
velocity of the propeller. This is shown in Equation 4.9 and Equation 4.10, a graphic representation is
shown in Figure 4.4. When the DFS is in power off condition, the duct does not fully guide the flow.
Especially since the duct is not very long, the alignment of the flow with the duct is incomplete near the
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<

Va,ducted

Figure 4.3: Radial axial velocity distribution behind a 6 bladed ducted propeller, lightly loaded propeller by means of a
BEM analysis [66].

exit. An exact empirical prediction of the angle of attack alignment of the flow in power off conditions
of a ducted fan is not available and hence it is assumed that the residual angle of attack inside the duct
is half of the free stream condition.

The radial distribution of the axial velocity on a propeller blade is modified due to the presence of the
duct on the tip of the blade. Figure 4.3 show an average value of V,, that is taken to model the axial
velocity distribution towards the tip. The support strut follows the same cant angle as the pylon, and
thus the inflow angle needs to be corrected for the cant angle [67].

2

Vin—duct * (%;) power off
‘/in,support = b 2 2 (49)
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Nacelle

The nacelle, which is for the majority located after the propeller plane has a complicated flow field.
Where between the propeller plane and support strut, the flow is swirling around the nacelle. After the
support strut some rotation is taken from the flow. The exact amount of rotation that is taken from
the flow is not determined numerically 20%. Research of Li et. al [68] showed a swirl retrieval of 42%
in an open rotor case. The configuration test had six SRVs compared to the singular wing (support) in
the DFS. The support does however have a larger surface area and hence it is assumed that a bit more
than a third of the 42% could be recovered in the case of the DFS. This comes to a value of 16%. It
must be noted that this value has not been validated.

A schematic representation of this is shown in Figure 4.4. The inflow velocity is determined to be the
average of the velocity before and after the support strut, Equation 4.11. The inflow angle is set to
be half of the support strut inflow angle. The inflow angle is required to determine the lift and drag
coeflicient of the nacelle.

(67 ,s -t 1.84
‘/in—nacelle — Vaac,support ; Vax,control (411) Qin nacelle = % (412)
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Propeller plane

Vtangeftial

Figure 4.4: Schematic representation of nacelle flow stream, nacelle indicated in light blue.

Control Vanes

The inflow velocity of the control vanes is depending on the effective inflow velocity of the support strut.
When the power is off the velocity can be determined using the continuity equation. The inflow velocity
is given in Equation 4.13. When the power is on, it is assumed that the inflow velocity of the control
vanes is

=

2
D
‘/in,duct . (D ) power off

2
D
Veffective = Vin,support * (ﬁi) power on

o

(4.13)

Vin,control =

It is assumed that the support strut takes 16% the rotation from the flow, and hence the inflow angle
for the control vanes is 84% of the inflow angle of the control vanes. If the control vanes are deflected,
the deflection angle is added, Equation 4.14.

Qin,control = in support * 0.84 + 57‘,& (414)

Pylon

As the pylon is outside the duct, it is assumed that the inflow parameters are not influenced by the
power-on or off situations inside the duct. The inflow conditions for the pylon are similar to those of
the duct described above. However, the inflow angle is corrected for the cant angle of the pylon. An
additional correction is applied because of the interference of the duct and fuselage on the flow on the
pylon. The value for this correction is between 1 and 2 ° according to Jacobs [69]. The inflow angle is
defined as Equation 4.15 [67].

ain,pylon = Uin,duct * COS(¢) — Qcorrection (415)

4.3. Zero Lift Drag

The zero lift drag of the components inside the DFS can be determined using Equation 4.16 set up
by Sadraey [70]. Where the skin friction coefficient (Cy;) is determined by Equation 4.17, where
the Reynolds number of each component is determined based on their characteristic length and local
velocity.

Swe
Cpoi=Cyi-ffi-fm- (S t) (4.16)
ref

0.455
Cti=—"——552 4.17
fri [l0910(R€¢)]2'58 ( )
A Mach correction factor is applied by fp; to correct for compressibility effects, calculated in Equa-
tion 4.18 is applied according to Sadraey [70]. The form factor (ff;) is different for the type of com-
ponents and will be explained in subsection 4.3.2. The reference area for all components will be the



4.3. Zero Lift Drag 40

wing area in order to ensure a fair comparison between the different aircraft types. The wet area of the
components is determined by subsection 4.3.1.

far=1-0.08- M4 (4.18)

4.3.1. Wetted Area

The wetted area of a wing can be calculated using Equation 4.19, according to Torenbeek [50]. Where A
is the taper ratio, S is the exposed surface area of the wing and 7 is the thickness to chord ratio of the
tip divided by root (Equation 4.20). This equation can also be applied to the horizontal and vertical
stabilizer. For the DFS, this relation is used for the pylon, support strut and control vanes.

(4.19)

1+7-A
S’wet,wing =2- S’wing : (1 +0.25 - (t/c)root : >

14+

(t/C)rip
o (4.20)

Equation 4.19 is modified to account for the circular shape of the duct for the DFS. For an untapered
duct, the wetted area is given by Equation 4.21.

Swet,duct =27 dduct * Cduct * (1 +0.25- (t/c)max) (421)
Where it was unclear how the wet area for the nacelle has been determined in previous studies, the wet

area (Equation 4.22) is calculated with geometric relations using the exposed area of a conical-ended
cylinder. Here, Syet1 represents the wetted area of the cylinder part and Syet2 the conical end.

Swetmacelle = S’wetl + SwetZ

Swetl =T dnacelle . lnacelle (422)
1
Swet2 = 5 T dfmcelle

4.3.2. Form Factor

For an unswept wing, the form factor depends on the maximum thickness-to-cord ratio, Equation 4.23.
As the duct in the DF'S can be treated as a folded wing, this equation is assumed to be applicable. The
same equation is applied to determine the form factor of the pylon and support.

ffduct =1+27- (t/c)maw + 100 - (t/cyrlnaw (423)

The shape of the nacelle is comparable to that of a fuselage, and hence the form factor equation for the
fuselage, established by Sadraey [70], is applied in Equation 4.24 and depends on the ratio between the
length and the diameter, also known as the slenderness ratio.

60 l
ffnacelle =1+ (Z/T)S + 0.0025 - g (424)

If the wing surface is swept, such as the wing itself or the vertical tail surface, Equation 4.25 can be
applied. The distance between the leading edge and the maximum thickness point is given by x; and
©m is the sweep angle [71].

f Fowept = (1 + ? - (t/C)maz + 100(t/c)fmx> . (1.34 . M018. cos(gpm)0~28) (4.25)
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4.4. Lift Induced Drag

The prediction of the lift-induced drag of the wing profile’s and duct are defined in Equation 4.26, based
on the method described by Raymer [51].

ct

CDi:w~AR~e

(4.26)
The oswald factor (e) in Equation 4.26 is calculated in Equation 4.27, where A, /4 represents the sweep
angle at the quarter chord of the wing. For the duct, the oswald factor is equal to 2 as stated by Traub

oo LT8-(1-0045. ARO-%8)

4.2
cosO15(A,/y) (4.27)

4.5. Lift Coefficient

The lift coefficient for the DFS is built up from three different numerical relations. The duct, wing
profiles and nacelle each have a different way of determining the lift coefficient. The total lift coefficient
for the PE is the sum of the normalized component lift coefficient.

Duct

To predict the duct’s lift coefficient, the Weissinger’s [72] lift prediction model has been used, which has
proven to be accurate for high and low aspect ratio ring wings. The lift curve slope of the duct is given
by Equation 4.28, where ( is defined in Equation 4.29. The lift curve slope required for Equation 4.28
is the lift curve slope obtained for the 2D airfoil profile.

s
Clastuer = 5+ Cauet * Cl, (4.28)
1

/2 tan*1(1.2~i)
1+ 55+ v

Cduct = (4.29)

A differentiation needs to be made between when the propeller is on and off when determining the lift
coefficient of the duct, Equation 4.30. In the power-on situation, lift curve slope is multiplied by a
factor that has been determined by Harinarain [13].

C -« power off
Clduet = @ 4.30
Lduct {C’la -(140.2-\/Teprop) PpOWeEr on (4.30)

Wing profiles

The lift coefficient of the wing profiles is defined by the lift gradient multiplied by the inflow angle of
attack. The Cj_ can be approximated for symmetric airfoils based on the thickness, Equation 4.31 set
up by Hoerner [73]. In general, the slope of the lift curve C;_ can be approximated by Equation 4.32 for
symmetric airfoil, with « in radians. This limits the approximation to the linear part of the lift curve
slope and does not include stall.

t
Ci, =0.1140.09 - (4.31)
C, =2 (4.32)

The lift coefficient model for the control vanes from the previous work has to be elaborated, as they
are placed in the swirl of the propeller. When a front view of the elevators inside the DFS is shown,
Figure 4.5a is illustrated. The propeller swirl causes the inflow angle of one of the elevators to be
negative, while the other is positive, as shown in Figure 4.5b. The inflow angle is calculated as in
section 4.2 but switches sign depending on which control vane is analyzed. When the control vanes are
undeflected, there is no difference in lift generated as the forces cancel out. However, when the control
vanes have a positive deflection, for example, the lift on control vane 1 will have a positive lift while
the control vane 2 will have a negative lift. With a greater deflection, the lift on control vane 2 will
eventually become positive but the generated load will be lower than control vane 1.
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(a) Influence of the propeller swirl onto the lift generation of (b) Positive and negative inflow angle illustrated for the
the elevators inside a DF'S. control vanes.

Figure 4.5: Schematic front view of the elevators inside a DFS in the propeller swirl including lift direction.

Nacelle

In other studies, it was assumed that the nacelle does not produce any lift, Allen [74]claims that a
inclined body of revolution produces a certain amount of lift. Thus, the lift coefficient of the nacelle
is based on his prediction method for flow over a slender inclined body of revolution. The prediction
of the lift coefficient for the nacelle is given in Equation 4.33. The base area Sy is the projected area
of the nacelle where the planform area A, represents the profile area as seen from the side. The drag
coefficient at & = 90 can be approximated by the drag of an infinite cylinder [75].

A
Clnacelle = % -stn(2- ) - cos (%) + Cq,a=90 - Zp - sin?(a) - cos() (4.33)

4.6. Pitching Moment Coefficient

Before the pitching moment coefficient of the PE is setup, it needs to be defined on component level
first in subsection 4.6.1 after which they are combined in a combined subsection 4.6.2.

4.6.1. Component Based

Similar to section 4.5, the pitching moment coefficient is also built up from three different numerical
relations. The duct, wing profiles and nacelle each have a different approach in determining the pitching
moment coefficient.

Duct

The pitching moment prediction model, set up by Magsood [44], is used to predict the pitching moment
coefficient of the duct. This prediction model has shown good agreement with the experimental results
as explained in section 3.3. Equation 4.34 shows the relation used for the prediction model. The
parameters x, and x. are found in Equation 3.16 and Equation 3.17 respectively and hold for aspect
ratios of the duct below 3.

Conduct = Tp - K - sin(a) - cos(a) + z - K, - sin*(a) (4.34)

Wing profiles

The category of wing profiles holds the pylon, support and control vanes. The pitching moment co-
efficient for these profiles is calculated with the reference point at a quarter chord and by means of
the panel method in XFoil. The pressure distribution is integrated to calculate the pitching moment
coefficient, Equation 4.35 according to Drela [76].

1
Conairgon =+ [ (o= peg) pla) - (4.35)
surface
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Nacelle

A new prediction method for the lift coefficient for the nacelle has been implemented and for consistency
the same modeling technique is applied for the pitching moment coefficient. By modeling the flow over
a slender inclined body of revolution, as modeled by Allen [74], the pitching moment coefficient can be
found by Equation 4.36. Here, ) presents the volume of the body and z,, is the center of the moment.
The other parameters are similar to the lift and drag coeflicient definition of the nacelle.

Cormacette — | 2= X”C;l - xm)} -sin(2a)-cos (5) +Cda:90% - (W) -sin®(a) (4.36)

4.6.2. Propulsive Empennage

The pitching moment of the complete PE is defined at the quarter chord point of the duct on the center
line of the propeller plane. The pitching moment coefficient is found by superposition of individual
scaled components. Figure 4.6 illustrates the forces, moments and reference lengths that contribute to
the pitching moment. This approach does not take into account the detailed interaction and interference
between the components beyond the calculation of interference drag and lift between the component
joints. The affect of the propeller on the components has been taken into account when determining
the inflow properties.
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Figure 4.6: Definition of forces, moments and reference lengths for determining the pitching moment coefficient for the
PE.

Equation 4.37 defines the pitching moment coefficient of the PE, where the moment contribution is
given in Equation 4.38 and the force contribution is defined by Equation 4.39. The only tangential
force contribution that is taken into consideration is the one of the pylon, as that component’s force
is the only one that is not acting through the center line of the PE. The properties are added to each
other by means of the normalization explained in section 4.8.

O+ ZCm,PE = ZCm,i + ZFz T (4.37)

O+ Z Cm,i = Um,duct + Cm,support + Cm,pylon + Cm,nacelle + Cm,control (438)

§ Fz c Iy = CN,support * Tsupport + CN,pylon * Tpylon + CN,nacelle * Tnacellet (4 39)

CN,control * Leontrol — CT,pylon * Zpylon
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The normal force contribution of the propeller is taken into account separately when calculating the
thrust-induced moment. To ensure that it is not used twice, it has been left out of the pitching moment
coefficient of the PE.

47. Thrust

The studies of van den Dungen [16], Harinarain [13], Adib [22] and Stavreva [15] on the DUUC have
relied on the Ducted Fan Design Code [77] (DFDC) for the calculation of the thrust for the PE. This
software is limited to axisymmetric flow, and hence the angle of attack can not be modeled. Additionally,
the tool is not flexible enough to model quick changes in the geometry. Thus, empirical relations are
used to setup a new thrust model for the PE. The thrust for each DFS consists of three components:
the thrust generated by the propeller, the thrust generated by the duct under influence of the propeller
and additional thrust generated by the propeller under influence of the duct. To get to the total thrust
of the PE, the thrust of the DFS are multiplied by two as it is assumed that both DFS operate in the
same conditions.

The thrust generated by the propeller is calculated with a Blade Element Momentum (BEM) that based
on the propeller profile used and operating conditions determines the thrust and normal force of the
propeller. The propeller blade is split into small segments as illustrated in Figure 4.7, and the total
force is the sum of all these elements. This method is also used to calculate the thrust generated for
the reference aircraft for comparison.
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Figure 4.7: Velocity composition and force definition
on a blade segment in the BEM model [78].
Figure 4.8: Diameter definition at the rotor and
exit-plane of a DF'S.

Ducted fans generate additional thrust at low inflow velocities. This small thrust rapidly changes to a
drag component when the duct inflow velocity increases. Since the main focus of the DUUC analysis is
on cruise conditions, the thrust generation of the duct under the influence of the propeller will not be
treated in the aerodynamic model.

Because of the shape of the duct around the propeller, the slipstream of the propeller is not contracted
as much as it usually does when there is no duct present. This will lead to some additional thrust.
Pereira [19] has shown that with using the conservation of mass, momentum and energy an equation
can be set up that shows the relationship between four fundamental characteristics of open en ducted
rotors. The relationship between thrust, power requirement, rotor disk area and the expansion ratio is
given in Equation 4.40. Here, the subscripts ggr represent the Shrouded Rotor and opr represent the
Open Rotor case. The effective expansion ratio is represented by ogue: and given by Equation 4.41.
The definition of of the diameter of the exit and rotor-plane are illustrated in Figure 4.8
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4 3/2 1/2
Pinsn _ 1 (TSR> <AOR) (4.40)

PinOR V 20duct TOR AS’R
Aexz’t dem’t ?
et = = 4.41
Oduct Aroto’r‘ d'r‘otor ( )

When diameter of the rotor in the open and shrouded case have the same dimension (Asg = Aor) and
both cases consume the same amount of power (Psg = Pogr). The relation of thrust between the two
cases is expressed as Equation 4.42 which shows that the thrust is only depending on the expansion
ratio.

T
TS—R = (2 oaquet)? (4.42)
OR

4.8. Normalization

In order to be able to compare all coefficients with each other, an area weighted ratio is used to normalize
the the coefficients. Because different components have different inflow velocities, a velocity ratio is also
applied in the normalization. Equation 4.43 shows an example of how the lift coefficient of the support
strut is normalized. The reference area that will be used is the reference area of the wings of the
ATR72-600. The free stream velocity depends on the operating condition at that point.

S Vi\?
() () s

After all coefficients of the different components are added, they can be de-normalized by multiplying
by the wing reference area and free stream velocity. When multiplying by half the air density, the total
force can be found.

4.9. Propulsive Efficiency

The propulsive efficiency can be defined in several ways. For the evaluation of the propulsive efficiency
of the aircraft the definition as in Equation 4.44 will be used. Where the force in x-direction F, is based
on the reference frame provided in subsection 4.9.1. The force in x-direction for the DUUC and ATR

are given in Equation 4.45 and Equation 4.46, respectively.
F, -V
Nlpropulsive = % (444)
1

The power input, P;, is extracted from the performance data of the PW127 engine used in the ATR
and DUUC aircraft.

4.9.1. Reference Frame

The PE is a system synergizing the propulsor and stabilizer. When the propulsive efficiency would be
compared to a traditional turboprop configuration or only the tail, it would be impossible to make a
justifiable comparison. Hence, the decision has been made to compare the propulsive efficiency of the
PE with that of the propulsion and tail group of the reference aircraft. The blue highlighted groups are
considered for propulsive efficiency in Figure 4.9. It must be noted that the slipstream effects of the
open rotor propeller onto the wing are not taken into consideration for the ATR aircraft.

The sum of forces for the DUUC is given in Equation 4.45. The definitions of these forces are given in
chapter 4. For the ATR72-600 a similar relation is given in Equation 4.46. Note that the forces in the
definitions below are the sum of both DFS and for the ATR of both engines.

(i Z FIDUUC . Tprop + Tduct - DPE (445)
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(a) Reference frame DUUC. (b) Reference frame ATRT72-600.

Figure 4.9: Different references frames for propulsive efficiency.

+
— Z FCEATR72 : Tprop - Dnacelle - Dempennage (446)

4.9.2. Performance Improvements

The DFS has two performance improvement factors inside the duct that will improve propulsive effi-
ciency compared to the open rotor engine. Due to the presence of the duct around the propeller tip, the
swirl losses are reduced, and thus the performance increases. A numerical prediction is made to model
the increase in efficiency based on experimental data, related to the gap-to-span ratio (GSR) which
has been discussed in Figure 3.3. The slope at an advance ratio of 0.6 has been used to increase the
efficiency based on the GSR. The GSR. [%] is defined in Equation 4.47, where the efficiency improvement
slope is defined in Equation 4.48 according to Yongle [34].

l

GSR = 2 (4.47)
RPTOP

an = —0.02884 (4.48)

Secondly, the support and control vanes have a secondary function as a swirl recovery vane. It is difficult
to determine the exact amount of swirl recovery that each component delivers, but based on the inflow
angle of the component, a certain amount of swirl recovery can be estimated. As the support and
control surfaces do not fill the whole cross-sectional area, a certain factor needs to be applied to how
much of the swirl continues in the duct. An estimate is made that about half of the swirl intensity
continues after the support and again half of the swirl passes the control vanes.

The propulsive efficiency of the ATR is affected by the interaction between the propeller and the wing.
This interaction has not been included as there is no available empirical method to predict this efficiency
increase. This raises the critical point that the interaction effects are considered inside the PE but not
in the ATR. However, it is expected that this level of detail will not be required in the analysis.

4.10. Model Validation

The lift, drag and pitching moment coefficient for the components inside the DFS, calculated by the
TAFM, are validated with experimental data. The coefficients for the assembled DFS are compared
in power-on and power-off conditions. The thrust generation is compared with a reference case in the
DFDC.
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4.10.1. Lift Coefficient

The lift curve slope of the duct is depicted in Figure 4.10a. The IAFM results is compared with
experimental data from a duct with an AR of 1.5, similar to the ring wing that is modeled in AVL.
These experimental sources are also compared to the leading edge suction analogy that is explained in
section 3.3. The explanation of the reference areas and normalization that are used in the experimental
data and in the AVL analysis is given in Appendix C.

When analyzing Figure 4.10a, the maximum deviation between the TAFM and the experimental data
is +8%, whilst the maximum deviation with the leading edge suction analogy is -6%. As the IAFM
predicts a value between the theoretical model and the experimental data with a margin of <10%, it
is set that the IAFM provides a value that is accurate enough for this study. This prediction only
approximates the linear part of the lift curve slope and does not treat stall. As mentioned in section 3.3
the stall angle of ducts with aspect ratios below 3 have a stall angle above 17 degrees angle of attack.
As it is assumed that the critical angle of attack for the wing is around 16 degrees. Hence, the wing
would stall before the duct, and thus stall is not included in the TAFM for stall.

C;vs. a - Duct
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(a) Cr,, comparison curve for a duct with Aspect Ratio 1.5
and airfoil profile NACAO0016 without the presence of other (b) CL, comparison curve for the NACA0012 airfoil between
DFS components except the duct. XFoil data and TAFM.

Figure 4.10: Lift coefficient validation for the duct and pylon of the DUUC.

The lift coefficient for the pylon has been compared with the theoretical lift coefficient of Equation 4.32
and the XFoil lift coefficient for NACA0012 specifically. The TAFM in Figure 4.10b predicts the lift
coefficient for NACAQ0012 linearly until an angle of attack of 20 degrees. Since the lift coefficient
prediction closely matches the XFoil results, the decision has been made to use the XFoil approximation
to include the stall prediction as well. The small deviation between the theoretical prediction and the
XFoil results can be explained by viscous effects and wake geometry interaction.

The lift coefficient of the nacelle was assumed to be zero in earlier aerodynamic models of the PE. The
new model that determines the lift based on an inclined body of revolution compared to experimental
data of Allen [74] is shown in Figure 4.11. It can be observed that the values obtained from the IAFM
are in agreement with the experimental data and form a linear regression of the experimental data. The
reference area is the base area of the nacelle, the lift contribution is small but not zero and has to be
taken into consideration into the analysis of the DUUC.
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Figure 4.11: C, versus « nacelle validation with experimental data from Allen [74].

When all components are combined into a DFS, the lift coefficient can be validated under power-on and
power-off conditions. Note that in the experimental data, the exact layout has not yet been replicated
for experiments. The IAFM is thus modified to represent the geometry of the experimental setup as
best as possible. The validation in the power-off condition is given in Figure 4.12a and the power-on
condition is shown in Figure 4.12b.

In power-off condition, the prediction model has a similar slope compared to the experimental data
found by Harinarain [13] as can be observed in Figure 4.12a. The TAFM has a small over-prediction
of the lift coefficient. This can be attributed to the lift curve slope of the duct being steeper than the
experimental data as shown in Figure 4.10a. Additionally, it has been tried to model the pylon and
support similar to the experiment but some of the dimensions had to be determined analytically. This
could have offset the lift coefficient.
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(a) Cr, validation for DFS in power-off condition. (b) Cr,, validation for DFS in power-on condition.

Figure 4.12: Lift coefficient validation of a ducted fan system in different power conditions.

For the power-on conditions, a similar phenomena has occurred where the slope is similar but there is
a small offset, especially at the lower angles of attack. The delta between the ITAFM and experimental
data of Harinarain [13] decreases towards a = 15. The experimental data of Mort [79] has an offset but
also follows the same slope. The offset can be linked to the additional components that are present in
the DFS but not in the experiment of Fletcher. Think about the support and pylon.

4.10.2. Drag Coefficient

As the drag coefficient is built up in two components, the validation is done separately for each compo-
nent. First, the component zero lift drag is discussed after which the complete drag polar is compared
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with experimental data.

Zero Lift Drag

The zero lift drag that the aerodynamic section of the IAFM produces has to be validated using existing
and available data. The reference data for the horizontal and vertical tail of the ATR72-600 aircraft are
obtained from the Aircraft Design Studies based on the ATR 72 modeled by Nita [62], and are evaluated
in similar flight conditions and with the same reference area. As can be observed from Figure 4.13 the
values from the reference and IAFM are in good agreement. For the Propulsive Empennage, specifically
the duct and pylon, reference data is available from the study of van den Dungen [16] and Stavreva [15].
The zero lift drag for the pylon matches the previous research, whilst for the duct the prediction model
is slightly higher. This has to do with the different definition of the form factor. For the support and
control vanes, there is no reference data available, but since the methodology and component build-up
are similar to that of the pylon (for which the reference is in good agreement), it is assumed that the
approach is valid.

Comparison of Empennage Components
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Figure 4.13: Zero lift drag components for DUUC V0.1 at Voo = 128 m/s and ATR72-600 data from reference data
compared with IAFM, with a reference surface of the main wing.

Lift Induced Drag
The drag curve for the duct over a range of angle of attack is given in Figure 4.14. It is plotted together
with experimental data obtained by Fletcher [24] and the numerical prediction based on the leading
edge suction analogy by Magsood [44]. As can be observed, the TAFM has a slight mismatch with the
numerical prediction of Magsood above 12 degrees in angle of attack, but does follow the experimental
data more closely.

The earlier nacelle models assumed that the nacelle did not produce any lift. This also implies that the
lift induced drag is zero for the nacelle and only the zero lift contribution made up the drag coefficient

—

of the nacelle. The lift induced drag is compared to the experimental data of Allen [74] in Figure 4.15.
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Figure 4.15: Cp versus « validation for the nacelle
based on the experimental data of Allen [74].

When the drag polar of the duct combined with the experimental data and numerical prediction, Fig-
ure 4.16 is obtained. The IAFM predicts a performance between the numerical prediction of Magsood
[44] and the experimental values of Fletcher [24]. Here, the prediction is closer to the experimental data
than to the numerical prediction. This can be attributed to the fact that the numerical prediction of
Magsood does not take non-linearity in the lift prediction into account.

A similar thing is done with the complete Ducted Fan System, where all the components are combined.
This data is compared with the experimental data from Mort [79] in which a 7 foot ducted propeller
has been investigated. Furthermore, the DFS has been recreated in AVL (shown in Figure C.1) and
the results are given in Figure 4.17. The deviation from the experimental data can be explained by the
fact that it does not have the same components as the tested model, such as the support rod.
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Figure 4.16: Drag polar validation of the duct in Figure 4.17: Drag polar validation of the DFS in
power-off condition with the experimental data from power-off condition with experimental data from Mort
Fletcher. [79] and AVL.

The drag coefficient under power-on conditions is compared with the experimental data of Mort [79] in
Figure 4.18. The TAFM has a larger lift coefficient for a given drag coefficient value compared to the
experimental data. Once again, this can be attributed to the additional components in the DFS that
are not in the model tested by Mort.
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Figure 4.19: Pitching moment coefficient over alpha
for the duct. Validated with experimental data from
Traub [53].

Figure 4.18: Drag polar validation of the DFS at
power-on conditions with a thrust coefficient of 1.38.

4.10.3. Pitching Moment Coefficient

The pitching moment coefficient of the duct, compared to the experimental data from Traub [52] is
shown in Figure 4.19. For most of the curve, the IAFM forms a regression of the experimental data
points. However, between 8 and 12 degrees in angle of attack, the pitching moment coefficient does not
become as negative as the experiment showed. Since this is an under-prediction of the pitching moment
coefficient, it has been determined to use the IAFM for a conservative analysis.

The pitching moment coefficient for the DF'S assembly is compared with the experimental data found by
Mort [79]. The pitching moment coefficient of the IAFM for the DFS has a larger value than the values
in the experimental data. This merely has to do with the fact that our DFS has different component and
mounting structures. As the individual components have been validated, it is taken that the combined
pitching moment coefficient produces results that are in the right ballpark.

4.10.4. Thrust

The thrust prediction in the IAFM is validated with a test case in the DFDC. The DFDC results have
been validated with the results found by Mort [79]. The comparison between the IAFM and the DFDC
results is found in Table 4.3. The propeller thrust is overestimated by the BEM model, this has likely to
do with the fact that not all the losses are properly incorporated and taking the average axial velocity
over the blade overestimates the tip loss reduction. The thrust of the duct is underestimated by the
TAFM. The DFDC calculates the thrust of the duct based on the pressure distribution over the duct
while the TAFM determines the thrust based on the expansion ratio related to the conservation laws.

When the total thrust of both models are compared, the DFDC finds a thrust 14 N higher than the
prediction model. This is a 1.1% deviation of the total thrust and therefore accurate enough for the
conceptual design of the DUUC.

Table 4.3: Thrust comparison between IAFM and DFDC at V = 20 m/s with a blade radius of R = 1.07 m at 1200 rpm.

| Model [ T, [N] | Deviation [%] | Tuuct [N] | Deviation [%] |

DFDC 992 - 336 -
IAFM 1003 + 1.1% 311 -7.5%







Flight Mechanics

In the flight mechanics section of the IAFM, the mass of all components are estimated after which
the Center of Gravity is determined. Combined with the aerodynamic section of the IAFM, the so-
called vertical and horizontal stabilizer for the DUUC can be sized according to the stability and
control requirements. The control and stability derivatives are set up and modified specifically for the
DUUC. It must be mentioned that in this study only the longitudinal and directional static stability are
investigated and that the lateral stability is not included. Lastly, the IAFM is validated with reference
data and previous studies.

5.1. Mass Estimation

The mass of the Propulsive Empennage components must be determined to calculate the center of
gravity. For comparison, the weight estimations for the reference aircraft are done in Appendix B. The
methodology for the weight estimation of the wing and fuselage are also presented in the appendix
where it is assumed that the methodology for these components are considered equal for the DUUC
and the reference aircraft.

Duct

The mass estimation for the duct has previously relied on the sizing of a nacelle, it has been chosen to
modify this model. As the duct also serves as a horizontal tail and therefore must comply with the same
structural requirements, a mass estimation for the horizontal stabilizer has been used to determine the
mass of the duct. The mass estimation to size the horizontal tail plane using the empirical method by
Torenbeek [50] is given in Equation 5.1. Here, k; is 1.0 for fixed-incidence horizontal stabilizers. Note
that the sweep angle is measured at the half chord location.

S92, s Vi
Mauct = Knt Sduct,proj . (62 . duct,proj dive _ 25) (51)

1000 - \/cos(®nt,50)

Pylon and Support

The pylon carries the mass of the DFS and the forces and moments that are generated during flight.
In previous work, the pylon mass has been estimated as a percentage of the weight that the pylon
is carrying. Van den Dungen [16] used 30%, whilst Vos [11] has shown a strong resemblance with a
horizontal tailplane. Stavreva [15] has sized the pylon in detail. For this research, it is important to
have a weight estimate available based on the size of the pylon and the forces that act on it as there is
no time for a detailed FEM analysis.

Since the shape and function of the pylon and support are shared, a similar approach has been used
for its weight estimation. The pylon and support are generalized to an aluminum beam that is sized
according to the maximum load of the two load cases visualized in Figure 5.1. Load case 1 is the bending
moment that occurs as a result of the aerodynamic load in flight. The second load case involves the

53
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bending moment that is created by the weight of a DFS. The bending moment is used in Equation 5.2
[80] to determine the width of the aluminum beam, this assumes that the height is already fixed to the
maximum height available in the airfoil profile. That height is determined based on the NACA 4-series
airfoil and chord length. The factor kjanding is used to account for the impact during landing and is
set to 1.7. This load factor is specified in Section 25.249 of the FAR [31]. Note that other load cases,
including buckling, are not considered in the sizing process.

_ 6- Mw * Nylt - klanding/aallow
Mpeam = h2
beam

(5.2)

.-

(a) Load case 1: Aerodynamic loading concentrated in (b) Load case 2: Weight loading concentrated in center of
center of the duct. the duct.

Figure 5.1: Free Body Diagram for the load cases used in the sizing for the pylon and support.

The total mass of the pylon and the support is then determined using Equation 5.3. As the moment
decreases linearly throughout the beam, the width, and thus the weight, can also decrease linearly over
the beam. An additional factor k. is used to account for the weight of transforming the aluminum
beam into a wing. This includes the spars, cover plates, etc.

Mpylon+support = (hbeam * Wheam * lbeam) * Palu * kmisc (53)

Control Vanes

The overall mass of the control system of a transport aircraft can be determined using Equation 5.4.
This also includes the control surfaces on the wing. About 25% of this weight is present on the tail,
each DFS contains half of the total control surfaces on the tail. Each DFS contains half of the tail
controls, and hence Equation 5.4 is multiplied by one eight. The factor k. is 0.64 for transport aircraft
with leading edge high lift devices on the wing [50].

1 2/3
Mcontrol—vane = é : ksc ' mtz{kefoff (54)
Nacelle

The turboprop nacelle has been estimated by the estimation provided by Torenbeek, Equation 5.5. The
weight is estimated as a percentage of the take-off power of the turboprop.

P, _ .
Mpacelle = 0.0485 - ‘t/akeioifgn (55)
critical *
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Propeller

The propeller assembly is split up in the engine and the fan. To account for the systems that accompany
a traditional turboprop engine, the engine mass is estimated by Equation 5.6, according to Torenbeek.
The value of mg is taken from the reference engine of the ATR72-600, the PW127F, which is equal to
481 kg according to the EASA certification sheets [82]. The parameter kg, in Equation 5.6 accounts for
the propeller driven aircraft and is equal to 1.35. The reverse thrust is related to kip,rys¢ and is equal
to 1.18. The number of engines is given by ng.

mengine = keng : kthrust : neng : meng (56)

The fan mass is estimated by using the mass of each blade multiplied by the number of blades. An
additional 10% is added to account for the spinner mass. Equation 5.7 determines the mass of the fan.
This percentage is estimated based on the example fan and spinner masses. The estimation can be
found in section C.1.

Mfan = Nblades * Mblade * 1.10 (57)

5.2. Center of Gravity

The center of gravity of the aircraft will be determined using Equation 5.8 for the x-axis and Equation 5.9
for the z-axis. Symmetry on the y-axis of the aircraft is assumed during the whole analysis and hence
the center of gravity is assumed to on the center line of the aircraft. When determining the center of
gravity in the longitudinal direction, the weight can be broken down into two groups containing the
major mass components. The wing and main landing gear will form one group. The second group
contains the fuselage, nose landing gear and empennage. When the DUUC is compared to the ATR72,
the propulsive group is either in the fuselage group or wing group respectively. A component overview
of the components in mass groups for each aircraft is given in Table 5.1. For the center of gravity
in z-direction, just Equation 5.9 is used and the components are not broken up in mass groups. The
reference point for determining the position of each component is the nose of the aircraft and the bottom
line of the fuselage, as indicated in Figure 2.9.

SPBLLL 658) DI (59)

xcg = Zml ch = Zml

Table 5.1: Mass group specification per aircraft type and component for determining the center of gravity in x-direction.
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The center of gravity of each of the mass groups is determined first using Equation 5.8. After that
Equation 5.10 and Equation 5.11 are used to find the center of gravity of the aircraft. It is assumed
that the center of gravity of the Leading Edge of the Mean Aerodynamic Chord (LEMAC) is located
at a quarter chord of the Mean Aerodynamic Chord (MAC).

G
(Twe,LEMAC — TCG,LEMAC) (5.10)
mrag

TLEMAC = TFG — XCG,LEMAC +

Teq = TCG,LEMAC + TLEMAC (5.11)
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5.2.1. Wing Placement Routine

Figure 5.2 illustrates the flow scheme of the iterative process to determine the optimal wing position
on the DUUC to ensure longitudinal static stability. An initial estimation of the wing position is made,
followed by the calculation of the center of gravity based on that position. This center of gravity is used
to determine whether it satisfies the requirements for longitudinal static stability.

If the requirements are not met, the system loops back to determine a new wing position based on the
requirements and FEquation 5.10, adjusting the location of the center of gravity of the wing group. This
loop continues until the design meets the necessary stability requirements, at which point the process
ends with the completion of wing positioning.

Requirements

not met
Determine new wing
position
Check Requirements
i met
Initial estimation of | Calculate new c.g. reqw;;e)rrnents Wing positioning
wing position g location longitudinal complete
static stability

Figure 5.2: Flowchart of the wing placement routine inside the DUUC design code.
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5.3. Horizontal Tailplane

In this section the relations are described that set the requirements for the horizontal tail surface. When
talking about the required horizontal tail surface for the DUUC, the project area on the xy-plane is
meant. This include a small portion of the pylon but mostly the area defined by the duct diameter and
chord. First the control requirement is explained after which the stability requirement is lined out. The
FBD that is required in the definition is given in Figure 5.3.

A
B
A A

Yoo

Figure 5.3: FBD with force and moment definitions for horizontal tail surface requirements. Including the definition for
the tail arm length.

5.3.1. Control Requirement

In the control requirement treats the situation where the sum of the moment around the center of
gravity is set to zero. For conventional aircraft, it can be generalized to FEquation 5.12. It should be
noted that for conventional aircraft, the moment induced by the empennage is ignored as it is usually
small and negligible compared to the moment from the wing. The moment induced by the thrust of
the engine is separately treated in Cyy, eng. From this the required area ratio between the wing and the
horizontal stabilizer can be determined to satisfy the requirement.

S l
C’Mcg = Om,w + C1L “ToG-AC T Om,eng - C’L,ht *MH - oht . —ht =0 (512)
Sw  cmac

The area ratio is given by Equation 5.13 and since the wing area is a fixed parameter in this research,
the horizontal stabilizer area is found by using the linear definition in Equation 5.14.

S
Ly ¢ “Tog—ac + Ko

S control control
w

Cr

= 1
CLht * Mht + 5 (5.14)
Cm,w + Cm,eng '

— -
CLht  Mht - 5=

For the DUUC, the moment induced by the thrust of the engines (Cy, eng) has a different definition than
for a conventional aircraft. As mentioned at the beginning of this section, for conventional aircraft, the
moment of the tail around its aerodynamic center is assumed to be negligible. It is unknown however
if this assumption will hold for the DUUC as the empennage has a radically different design. For this

(5.13)

K

control

2control
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reason, the variable Ks
of the DUUC.

in Equation 5.13 is modified to Equation 5.15 for the control requirement

control

K2 — Cm,w + C"m,PE (515)

control,DUUC ] Y
CLoht - Mt - 5

The C,, pg is defined as in FEquation 5.16 where a combination is made between the moment induced by
the the thrust and the moment induced by the aerodynamic effects. The aerodynamic pitching moment
coefficient Ciy, qerodynamic has been defined in Equation 4.37.

C1m,PE‘ = Crhrust * 2PE + Cm,aerodynamic (516)

5.3.2. Stability Requirement

In the stability requirement the horizontal stabilizer is sized such that the gradient of the pitching
moment with angle of attack is negative. When C,,, c¢ at @ = 0 is chosen, the aircraft is indifferently
stable. FEquation 5.17 is then used to define the area ratio between the wing and the horizontal tail
surface.

0C,, Shi Oe Int
Pom _ . — P AN I T I - — 1
5o Cr., "TcG—ac — CL,,, *Mht S < 8a> (CMAC Tca AC) (5.17)

This definition for conventional aircraft leads to the linear relationship in Equation 5.18 where the slope
is defined as Fquation 5.19.

< = Kiapii, - TCG=AC (5.18)
Cr.,,
S ) !
CL"‘H "NH ﬁ ' ( N i) ' (CMIZC)
This definition can also be applied to the DUUC. The efficiency of the horizontal stabilizer for the
DUUC is different compared to the reference aircraft as there is no slipstream effect of the propeller

present at the DUUC that would influence the empennage. The influence of the wing on the inflow of
the horizontal stabilizer and DUUC is taken into consideration by de/0a.

(5.19)

1stability =

A Static Margin (SM) is included in the analysis to indicate the distance between the neutral point
and the center of gravity. The margin used is 5% of the MAC, which is a typical value for subsonic
transport aircraft according to Nelson [64].

5.4. Vertical Tailplane

The vertical tailplane of an aircraft is sized based on a control and stability requirement. Where the
One Engine Inoperative condition is taken into consideration which leads to a minimum size of the
vertical stabilizer. A Free Body Diagram of the DUUC in the OFEI condition is shown in Figure 5.4, in
order to size the Propulsive Empennage for directional static stability. When the area of the vertical
tailplane for the DUUC is discussed in this section, the projected area of the ducts in the xz-plane is
meant. Note that there are two ducts present, and hence the area is multiplied by two.

5.4.1. Control Requirement

In the situation where one of the ducted fans is no longer operative, a moment is created by the
asymmetric thrust generation and the drag of the inoperative engine. In a conventional configuration,
this moment is counteracted by the vertical stabilizer and rudder. For the DUUC, this restoring moment
has to come from the ducts and vertical control vanes. The moment equation that arises is given in
Equation 5.20, where the moment contribution due to the drag and thrust of the PE is split.

MPE—T + MPE—D = Mrestom’ng (520)
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Figure 5.4: Simplified sketch of the free body diagram of the DUUC with asymmetric thrust due to a one engine
inoperative condition.

The moment contribution due to thrust is defined by Equation 5.21 where the drag generates the
moment in Equation 5.22. The drag of one ducted fan, including the pylon, is added to the additional
drag of the windmilling propeller. A feathered situation is omitted as it is assumed to have less drag
than the windmill condition. The drag of the ducted fan is determined in chapter 4.

Talcefo
MPEfT = %ff * Yduct—center (521)
Mpr_p = (DDFS + Dwindmilling) * Yduct—center (522)

To estimate the windmilling drag of the propeller, an approximation of Raymer [51] is used in Equa-
tion 5.23. Here, o is defined as in Equation 5.24.

05 -0- A;m"op Nplade
Soer (5.23) o= (5.24)

The restoring moment of the PE is a combination of the side force of the duct and the control vane
effectiveness. As the duct is an axisymmetric body, the side force can be derived with a similar approach
as the lift force of the duct. However the inflow angle is now not the angle of attack « but the sideslip
angle 5. The inflow angle of the duct must be corrected because of a sidewash effect as concluded by
Harinarain [13]. The side force contribution of the support and pylon is also taken into consideration, as
well as the normal force of the propeller. Equation 5.25 gives the relation for the side force coefficient.

CdO—p7‘opelle7' =

CY = CLB,duct : Beffective + CL(;T . 6r + CYp + CYS (525)

ylon upport

The surface area of the vertical tail of a conventional empennage would be given by Equation 5.26.

_ Mpg_17+ Mpr_p
%'p'VOQO'CY'lm

St (5.26)

5.4.2. Stability Requirement

When examining the directional stability of the DUUC, Equation 5.27 has to be used. An FBD of
the situation is shown in Figure 5.5. The aim is to have Cy,>0 for stability. The fuselage and wing
contribution have a destabilizing effect. As the aircraft operates at low speeds and the sweep of the
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wing is small, the contribution is assumed to be negligible and is omitted when determining the required
vertical tail surface. It must be noted that the effective sideslip angle is different for both DFS on the
DUUC. The DFS that is effected by the flow over the fuselage has o as a sideslip angle which is defined
in Equation 5.24.

Figure 5.5: FBD of the DUUC under sideslip condition with effective sideslip per DFS.

CNB = CNB,fus + CNB,w + CY/a,PE (5.27)

Equation 5.27 can be modified to Equation 5.28 where the ratio between the vertical tail surface and
wing surface can be defined for a conventional configuration.

& — —CNﬁ — ONp s . bl’ (5.28)
S’Ll) 7CYB,PE l’l}t
The fuselage contribution Cl, ., is determined using Equation .4 defined by DATCOM [71]. Where
the dimensions and geometric shape of the fuselage plays a role. The coefficients Kr ; and Ky are
defined in Appendix B. Roskam [83] provides an assumption for the total value of Cv, which is > %eogl.

360 2. dp
ONg pus = B kn-Kg,j- S

(5.29)

The side force coefficient Cy, . can be derived from Equation 5.25 provided in the control requirement.
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5.5. Stability Derivatives

The stability derivatives with respect to angle of attack and sideslip are covered in this section. Reference
lengths that are used can be found in the airplane definition in Figure 5.4.

5.5.1. Stability Derivatives with Respect to Angle of Attack

The lift curve slope of the entire aircraft is defined by adding the two main contributors to each other
using an area based normalization. The definition for a conventional aircraft is shown in Equation 5.30.
The tail efficiency factor 7y, is defined as the ratio between the dynamic pressure at the wing and at the
horizontal stabilizer ¢, /¢, and is less than 1 by definition.

o Shi Oapy
Cr,=CL,, +CL,,, Nt (Sw) < 0 ) (5.30)

For the DUUC, aircraft the lift curve slope of the horizontal stabilizer has to be replaced by the lift
curve slope of the PE, which is defined in Equation 5.31. The project area in the xy-plane is defined
in Equation 5.32 which leads to the definition for Cr_ in Equation 5.33. The tail efficiency factor is
defined similar to the conventional case, the value however is slightly higher as the PE do not have to
take the propeller slipstream effects into consideration in the intake.

2. Spylon

2'57‘0' uc 2'Ssu or
CL&,PE = CLa,duct : ;7j’dt + CLa,pylon : S . ’ COS(¢) + CLa,su;me‘t : Sippt ’ COS((IZS) (531)
proj proj proj
Sproj =2 Cduct * dduct + (2 : bpylon : prlon) : COS(d)) (532)
_ Sproj Japg
Cr,=Cr.., +CL,ps 1PE" ( S, > : ( e (5.33)

The pitching moment coefficient with respect to alpha determines the stability of the aircraft. Where
the aim should be to have a negative value for dC,,/da. For this analysis, a simplified version is used
where all the tangential forces of all components are ignored and the slipstream and thrust effects are not
considered. The three main contributors to stability derivative are the wing, fuselage and empennage.
Ch,,, for a conventional aircraft is defined in Equation 5.34. The length I, is the length between the
center of gravity and the quarter chord of the horizontal stabilizer.

2
c.g.—x C.g.—Tfus -1
C = Oy, - et oy R — —cNa,h,,.(1 ‘96).<Vht> LS TNEEN

Macony a,w = - 604 VOO S C

Usually, the fuselage provides a strong destabilizing effect whilst the wing is slightly destabilizing and
the horizontal stabilizer provides a stabilizing effect. The definition in Equation 5.34 can be used to
determine C,,,, for the DUUC, except the contribution of the horizontal stabilizer is replaced by the
term in Equation 5.35. The projected surface area Spg includes the projection in the xy-plane of the
both ducts and the pylons. The control vanes are not includes as their area that is outside the duct is
small and their force gradient is smaller compared to the contribution of the ducts.

2
CNQPE . (1 — g;) . (V‘I;E) . Szﬂ;] ..ZEPE (5.35)

The above-mentioned relation only takes the contributions with respect to the x-axis into consideration.
The pendulum stability of the aircraft, which has to do with the z-contributions, has not specifically
been mentioned in previous studies. The drag component with respect to the center of gravity in the
z-axis are usually small for conventional aircraft but are worth investigating for the DUUC. Perkins
[84] describes that the contribution of the wing is stabilizing if the center of gravity in z-direction is
below the wing’s aerodynamic center. The contribution of the wing, on the pendulum stability is given
in Equation 5.36.
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oC, 2 0.035 z
m —C . ~ Za 5.36
( aOL )wing,pendulum t (ﬂ- e AR aCL/aa> c ( )

Where usually the z-contribution of the tail is ignored because of the magnitude, it first has to be
considered for the DUUC in order to determine how great the contribution is. Equation 5.37 gives the
contribution for the PE, where the wing contribution of Perkins [84] is modified to represent the tail
contribution.

oC,, dCp O > Za
— —Cy - LZa 5.37
( aCL ) PE pendulum ( aCL g aCL c ( )

The final equation to determine the pitching moment coefficient with respect to angle of attack is given
in Equation 5.38.

2
. Te.g.—x4, . xc-gvfﬁfus N . o ﬁ . VPE . Sproj . lPE'
= TN z ONrpsq (1 c’)a) ( % S.c

) ()
acL wing,pendulum aCL PE . pendulum

(5.38)

5.5.2. Stability Derivatives with Respect to Sideslip Angle

The side slipping motion of an aircraft generates a lateral force that is usually negative at positive
angles of sideslip. For a conventional tailplane, the contribution of the vertical stabilizer is given by
Equation 5.39 according to Mulder et al. [63]. The sideslip angle has to be corrected for the presence
of the fuselage by a small sidewash angle 0. The effective inflow angle of the vertical stabilizer then
becomes «,, in Equation 5.40.

o 80' Vvt 2 Svt

ayt = —(B - o) (5.40)

The principle of calculating this coefficient can be applied to the PE, where only the force gradient of
the vertical stabilizer is replaced by lift curve slope of the duct’s. As the ducts are axi-symmetrical
their lift curve slope also applies to an angle of sideslip. As the inflow angle of the control vanes, and
support are dependent on the operating conditions inside the duct, added to the fact that their surface
is very small, their effect on the sideslip coefficient is neglected. Thus, only the duct’s influence is taken
into consideration. Each of the ducts will generate a force, the projected area of the PE in the xz-plane
is multiplied by two to include both contributions. The definition of Cy, for the DUUC is given in
Equation 5.41.

do Vauet 2 2'Sproj
CYﬁDUUC = _CLQ,duct : (1 - ZM) : ( Vo ) : S, (541)

It must be noted that the presence of two ducted fans next to each other will influence the flow field
around each other and hence also influence the effective sideslip angle. This effect has been research for
open rotors and show that the effect is small when the distance between the two is above three times
the blade radius as specified in the paper of Stokkermans [85]. Since there is no specific information
available on the effect of distance between ducted fans, the interference effect between the two DFS
with respect to the side slip coefficient is not taken into consideration.

The stability derivative Ci,, defines the weathercock stability of the aircraft. The contribution of a
vertical stabilizer is defined in Equation 5.42. Here, the tail lever arm [,; (at small angles of attack)
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is defined as the distance between the center of gravity and the quarter chord point of the vertical
stabilizer.

Oo Ve N2 Sur - Ly
Crgyy = O e - (1 - %) : (Vo:> ~—S; - (5.42)

For the DUUC, this definition can be applied where the Cy, is used as defined in Equation 5.41 and
the definition of Ipg defines the location between the center of gravity and the quarter chord point of
the duct. It must be noted that only of the DFS is experiencing the influence of the fuselage whilst the
other does not. The coefficient for the DUUC is given in FEquation 5.43.

Oo VPE 2 2'Sro"lPE
CnBDUUC = CYﬁ,DUUC ) (1 - %) : ( Vo ) : gwj' b (5.43)

5.6. Control Derivatives

The control derivatives will determine the control regime of the aircraft. As lateral stability is not
included in this analysis, only elevator and rudder deflections are considered, and roll is ignored. DUUC
V0.1 contains a control vane configuration where the controls are placed in an "X” configuration. This
setup is illustrated in Figure 5.6. The ideas has been mentioned to improve the control vane setup
by moving the control surfaces to the edge of the duct but this has not been researched yet. In this
thesis, the "duct-edge” configuration is added to compare the with the DUUC V0.1 configuration. The
duct-edge control vane setup is depicted in Figure 5.7.

ﬁ' Delft

Figure 5.6: Rear view of a DFS with the control vanes Figure 5.7: Rear view of a DFS with the control vanes
in ”X” configuration [1]. in "duct-edge” configuration [1].

5.6.1. Control Derivatives with Respect to Elevator Deflection

The change in normal force due to the deflection of the elevator is defined by Equation 5.44. Where the
slope of the lift curve Cl,, is the slope of the lift curve defined by the 2D airfoil section of the control
vane when the control vanes are in the X-configuration.

V::ontrolfvane ? Selevatm‘
Cn; =Cn;,, - ( ) . (5.44)
¢ VOO Sw
When the control vanes are in the duct-edge configuration, the C'y;_has been experimentally determined
by means of an AVL exercise where an equivalent box wing has been modeled with control vanes on the
trailing edges of each section. The setup used for this is illustrated in Figure 5.8. The definition for the
control derivative remains unchanged when a different configuration in control vanes is used. Changing
the control vane configuration does change some other effects inside the DFS which will be explained

in chapter 6.
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Rzim = -45°
Elev =20

AVL 3.40 square wing test

Figure 5.8: AVL setup that is used to determine the CNSC and CYJT value for the PE when the control vanes are in the
duct-edge configuration. The control vanes are indicated in blue.

The effect of elevator deflection on the pitching moment coefficient is expressed in C,y,;_. The definition
for both configuration control vanes does not change and is equal to Equation 5.45. It must be noted
that the elevator area Sejevator 1S the combined area of the elevators of both DF'S.

Vrcontrolfvane ? Selevator'lPE
Cmns, = ONs, - ( v ) Q3 2 (5.45)

5.6.2. Control Derivatives with Respect to Rudder Deflection

As the situation in the ducts is axis symmetric, it can be observed that the force gradients from the
elevators also apply for the rudder deflections. The lateral force change due to rudder deflection is
expressed as Equation 5.46 for the DUUC. Where the force gradient for the X-configuration rudder is
defined as the lift curve slope of the 2D airfoil section. For the duct-edge configuration the value is
obtained in a similar fashion as explained in subsection 5.6.1.

CY(;T _ CY(;T . (%ontr;}—vane)z . Selegator (546)

The control derivative Cy,; is then given by FEquation 5.47. The definition remains unchanged when
the control vane model changes.

l
Cry, = —Cr, - 57 (5.47)

5.7. Model Validation

The flight mechanics section of the IAFM is validated using reference data and compared to the output
of the TAFM when the ATR is modeled. The mass estimation is validated after which that can be
compared in the center of gravity estimation. The horizontal tail and vertical tail sizing routine are
shown and the control and stability derivatives are compared to the reference case.
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5.7.1. Mass Estimation
The component mass is validated with the ATR reference data and the previous mass estimations of
the Propulsive Empennage. To determine the influence of the deviations in the estimation, the mass
difference is also expressed as a percentage of the Maximum Take-Off Mass of the ATR. Table 5.2 gives
the validation and deviations.

Table 5.2: Mass prediction of empennage components and validation with various references.

Estimation | Estimation van | Estimation | A Mass A Mass
IAFM . . .

Component Mass [kg] Nita den Dungen Stavreva | (maximum) | (maximum)

[62] [kg] [16] [kg] [15] [kg] [kg] (%]
Hor. Tail 146 124 + 22 + 0.09
Ver. Tail 178 178 +0 + 0.00
Duct 261 265 231 - 30 - 0.13
Pylon + Support | 269 359 115 + 151 + 0.66
Nacelle 228 241 196 219 - 32 -0.14
Engines 1532 1532 +0 + 0.00

The largest difference between the IAFM and the reference data can be found in the estimation of
the pylon and support. The maximum deviation is less than 1% of the MTOM. However, the relative
component deviation for the pylon and support is 56%. This has to do with the approach that is used to
estimate the mass. Stavreva performs a detailed FEM analysis to determine the mass of the component
based on several load cases. Van den Dungen does a prediction that treats the pylon and support as
a horizontal stabilizer. The scope of this analysis does not allow for a detailed FEM analysis and the
value is between the value of Stavreva and van den Dungen. The decision is made to keep the current
approach for the mass prediction from the TAFM.

The deviation for the horizontal tail has to do with the double sweep correction that is applied in the
reference study but is not present in the IAFM. For the nacelle, the methodologies from Stavreva and
van den Dungen are different from those of Nita. To be able to compare the ATR aircraft with the
DUUC configuration, the approach of Nita has been chosen to allow for a fair comparison.

Concluding that the overall difference relative to the MTOM is less than 2%, the TAFM is not adjusted
and will be used in the overall performance evaluation.

5.7.2. Center of Gravity
The above described method is used to model the reference aircraft in the IAFM and compare the
available values for the ATR72-600 aircraft [62], in order to validate the TAFM before the application to
the DUUC. Figure 5.9 shows that the IAFM is in good agreement with the reference values. The minor
differences present are due to slightly different mass predictions for the wing and the center-of-mass
location of the fuselage body.

Center of Gravity Model Validation: ATR vs Reference

Fuselage CG [ — Reference ©12.00
9 IAFM (ATR72) 1.1
®11/62
Wing CG A
1
@®11.56
Overall CG
L1
@11.00
LEMAC
T T T T T T
0 2 4 6 8 10 12

X-Position [m]

Figure 5.9: Center of Gravity position measured from the nose of the aircraft for the different mass groups.
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5.7.3. Horizontal Tail Sizing

To validate that the horizontal tail sizing routine is setup properly, the ATR aircraft is modeled and
the horizontal tail is sized based on the data available. The prediction model output compared to
the reference data of Scholz [86]. Figure 5.10 shows the stability and control requirements lines of the
reference data in dashed compared to the IAFM. It is observed that the control line of the IAFM is
slightly less steep and has a higher value for the constant in the linear relationship. For the stability
relation, the IAFM slopes are less steep. The values of the slopes are given in Table 5.3 for easier
comparison.

Table 5.3: Reference [86] and IAFM values for the control and stability requirements in the horizontal tail sizing routine.

| Parameter | Unit | Reference value | TAFM value

K. . |[H ~0.4887 -0.4723
Ko .. | 0.2076 0.2379
Kl | 0.3050 0.2937
Teg m)] 0.3086 0.3236
Sht/Sw ] 0.1442 0.1445

The difference in values for the control requirements can be attributed to the fact that the center of
gravity is slightly different and hence the tail lever arm (I5,;) is at a different location. Additionally, the
moment induced by the engine Cjy eng is calculated with power by Nita [62], but the TAFM uses thrust
for convenience in the setup for the DUUC. Hence, a small offset. For the stability requirement, the
different center of gravity has the same effect as with the control line and the lift curve slope of the
wing is different in the IAFM. Where Nita [62] uses a formulation where the sweep at a half chord is
included, the TAFM uses the quarter chord sweep which results in a small offset.

Figure 5.11 shows a zoomed version of Figure 5.10 in order to see the effect of the difference predicted
values in terms of the relative area ratio between the horizontal tail and the wing. The reference data
give an area ratio of 0.1442 whilst the ITAFM predicts 0.1445. This deviation of 0.2% leads to an over-
prediction in the area of the horizontal tail surface of 0.018 m?, which is deemed accurate enough for
this analysis. And as the model is over-predicting, the model is on the conservative side.

Horizontal tail sizing - validation

——~- Control - reference
Stability - reference

——- SM - reference

--p- cg - reference

—— Control - IAFM
Stability - IAFM

—— SM - IAFM

- g - IAFM

SplSw [-1

T T
-0.2 0.0
Center of Gravity

Figure 5.10: Validation of the area ratio between the horizontal tail and wing surface. Control and stability requirements
from the IAFM compared with reference data.
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0.20 Horizontal tail sizing - validation (zoomed)

——- Control - reference
Stability - reference

—=- SM - reference

--p- cg - reference

—— Control - IAFM
Stability - IAFM

—— SM - IAFM

-p- cg - IAFM /

0.18 4

0.16
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Figure 5.11: Difference in area ratio between reference data and IAFM for horizontal tail sizing routine.

5.7.4. Vertical Tail Sizing

The vertical tail sizing routine is validated in a similar fashion to the horizontal tail routine. The slightly
different center of gravity that has been mentioned before also has effect on the tail lever arm for the
vertical stabilizer which results in different prediction lines for both the side force coefficient and the
yawing moment coefficient, given in Figure 5.12a and Figure 5.12b respectively.

Sy vs. Cy - validation Sy vs. Cy, - validation

—=- Reference \ — IAFM
— |AFM 354 ‘\ —-—- Reference
® IAFM value \ ® IAFM value

Reference value \ Reference value

T T
2.00 0.0 0.5 1.0 15 2.0 25 3.0

(a) Validation of restoring moment of the vertical tail (b) Yawing moment coefficient validation with respect to
with respect to the vertical tail surface. the vertical tail surface.

Figure 5.12: Vertical tail sizing routine validation with reference data from Scholz [62].

In Figure 5.12a it can be seen that the side-force coefficient Cy is also predicted differently in the TAFM.
This has to do with the sweep applied by Nita [62], which deviates from the technical information in the
certification sheet of the ATR [18]. This leads to a difference in vertical tail surface of 1.15 m? which
is equal to 8%. When the same side force coefficient (0.975) is used the model only has a deviation of
2.8 % from that it is concluded that the model is accurate enough for the analysis. Again, the JAFM
is over-predicting and hence on the conservative side.

For both the reference and IAFM, the same Cy, value is found. The difference in tail lever arm results
in the deviation between the two lines and result in a difference in tail area of 1.13 m? equal to 11.8
%. When the same lever arm is used, the IAFM matches the reference data exactly, from which is
concluded that the model is accurate enough but care must be taken with the tail lever arm in the
analysis.

5.7.5. Stability Derivatives
The stability derivatives with respect to angle of attack and sideslip are shown in Table 5.4. The values
are compared to the numerical prediction model of Vecchia [87]. The difference between the IAFM and
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reference values are attributed to rounding errors in the iteration loops and the difference in tail arm
length. Where the tail arm length for the reference aircraft is set to be 14.3 meters, the IAFM uses
13.8 due to a different prediction in center of gravity.

Table 5.4: Validation of stability derivative model with reference values [37].

] Derivative \ Unit \ Reference value \ IAFM value ‘

CrL., rad—! 5.7327 5.7231
Cu,, rad=! -1.6671 -1.6672
Cy, rad—! -0.7283 -0.7278
Cn, rad=—? 0.1441 0.1286

5.7.6. Control Derivatives

Similarly to the stability derivatives, the TAFM of the control derivatives are compared to reference
data of Vecchia. The results are given in Table 5.5. The small deviations are due to rounding error and
the different tail arm length. When the same tail arm length is used, the maximum error reduces to 1.8
% which is acceptable.

Table 5.5: Validation of control derivative model with reference values [87].

] Derivative \ Unit \ Reference value \ IAFM value ‘

CL,. rad ! 0.3051 0.3048
O, rad ! 17245 -1.6837
Cy,. rad ! -0.6312 -0.6310
Cn,, rad”! -0.3273 -0.2921
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Results

In this chapter, the results of the DUUC V0.1 analysis are explained in terms of aerodynamic per-
formance and evaluation of flight mechanics. A sensitivity analysis is performed to show how certain
requirements affect the performance and design of the DUUC. Before the results are shown, the ref-
erence aircraft is explained together with the Key Performance Indicators (KPI’s) and the two main
configurations that will be analyzed.

Reference Aircraft

The reference aircraft to which the DUUC is compared is the ATR72-600. This short-haul aircraft
focuses on efficiency and passenger comfort and is designed according to the top level requirement as
given in Table 6.1. An image of the ATR72-600 is shown in Figure 6.1.

Table 6.1: Harmonic mission top level requirements of
the ATR72-600 [11, 88]

| Parameter | Value | Unit |

Payload mass (68 pax) | 7500 | [kg]

Range (max payload) | 1528 | [km]
Cruise altitude 7000 | [m]
Cruise Mach number 0.45 -]

Figure 6.1: Image of the ATR72-600 aircraft [18].

In previous studies, the DUUC wing-body was based
on sizing requirements and information from the Boe-  Table 6.2: ATR72-600 baseline parameters used for

ing 737-800 and ATR mission requirements. In this the comparison with the DUUC [62, 88, 87].
study the decision has been made to base the wing- _
body on the ATR aircraft as well and to transfer the | Parameter | Value | Unit |
DUUC design into a high-wing configuration. This al- MTOM 22,800 | [kg
lows for a comparison that is more fair and there is sig- OEM 13,010 | kg
nificantly more data publicly available from the ATR. Wing span 27.05 m
Certain stability effects will then be one-to-one compa- Fuselage length 27.17 m
rable instead of having to make a translation from a Fuselage diameter | 2.83 m

high-wing to low-wing configuration.

The ATR data that are used to form the baseline of the comparison are given in Table 6.2. Additional
data and calculations for certain parameters like fuselage weight and wing weight are provided in
Appendix B.

71
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Key Performance Indicators
The overall performance of the DUUC will be evaluated by means of a few KPI’s.

e Operational Empty Mass
e Maximum Take Off Mass
e Lift to Drag ratio

e Aircraft drag

e Propulsive efficiency

o Fuel fraction

6.1. Empennage Comparison

The performance of the PE is compared with the performance of the ATR empennage to determine the
advantages and disadvantages of each empennage.

6.1.1. Aerodynamic Performance

The lift curve for the ATR72-600 and the PE are depicted in Figure 6.2. The lift coefficients for both
empennages are normalized with the wing surface area. As illustrated in this figure, the PE produces
more lift compared to the conventional empennage. However, the lift curve slope of the conventional
empennage is steeper. This difference decreases when the PE is turned on and the C,, value is multiplied
by a square root factor of the thrust coefficient.

The symmetric empennage for the ATR does not produce any lift when the angle of attack is zero. The
PE does produce some lift on the nacelle and as a result of the installation angle of the support inside
the PE. Additionally, it is shown that towards the stall region of the conventional empennage, the PE
has not reached the stall yet. This is due to the delay in stalling of the ducts which will occur towards
17 degree angle of attack.

Lift curve - empennage comparison Drag polar - empennage comparison
—— Propulsive Empennage - power-off - —— Propulsive Empennage
0.35 4 === Propulsive Empennage - power-on /,/’ 0.35 1 ATR72-600 empennage
ATR72-600 empennage P

Gl
Gl

0.00 0.00
6 é A‘l é é 1‘0 1‘2 1‘4 O.E)O O.EJZ 0.b4 0.2)6 O.bB 0.'10 0.'12
a [deg] Cal-]
Figure 6.2: Lift polar comparison between the PE and Figure 6.3: Drag polar comparison between the PE
ATR empennage. and ATR empennage.

The drag polar in Figure 3.12 shows that the PE has a higher value of zero-lift drag, but also a faster
increase in lift induced drag compared to the empennage of the ATR. From this figure, it can be
concluded that the use of the PE would not be favorable in aerodynamic performance compared to the
conventional empennage.

When determining the pitching moment coefficient of the aircraft with respect to the angle of attack, the
moment of the empennage is usually neglected due to its size. When comparing the pitching moment
coefficient of the ATR72 with the DUUC in Figure 6.4 it is demonstrated that for the DUUC, the
pitching moment contribution of the tail is not negligible and should be taken into account.
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Lo - . Empennage totals
Pitching moment coefficient - empennage comparison

 Model
B Reference

0.25+

0.20

—— Propulsive Empennage - power-off
——- Propulsive Empennage - power-on
—— ATR72-600 empennage

Coo [-]

000 —fp— [
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a [deg]

ATR72-600

Figure 6.5: Zero lift drag empennage comparison
between the ATR72-600 and the PE at Vo, = 128
m/s, with a reference surface of the main wing.

Figure 6.4: Pitching moment coefficient over angle of
attack comparison between empennages.

Zero Lift Drag

The zero lift drag of the empennage of the ATR and the empennage of the DUUC V0.1 are compared
in Figure 6.5. From this can be observed that the Cpg for the PE is almost twice as large as the
conventional empennage of the ATR. This can be attributed to the increase in wetted area between the
two empennages. The conventional empennage has a wet area of 62 m? whilst the PE has 107 m?2. The
ducts have the largest contribution to the wetted area of the empennage.

6.1.2. Mass Estimation

The mass estimation for one DFS is given in Table 6.3 in the V.01 configuration. When the force-
generating surfaces are compared between the two empennages, it can be observed that the DUUC is
more than 750 kg heavier compared to the ATR. The propulsion generating components have the same
weight for both airplanes. However, the tail load for the DUUC is 3050 kg larger compared to the ATR.
Figure 6.6 shows the weight division for both aircraft.

Empennage weight comparison

3500
mm Lifting surfaces
W Propulsion components

3000 === Sum

Table 6.3: Component mass estimation of one DFS

V0.1 excluding control vanes. 2500 2601

N
=3
=3
S

Component | Value [kg] |

Mass [kg]

Duct 261
1500

Pylon 105
Support 165 1000
Nacelle 228 s00

Engine + fan 921
[ Total [ 1680 | ’

Figure 6.6: Empennage mass comparison between
ATR and DUUC.

6.2. Configuration Comparison

For the evaluation of the feasibility of the aircraft employing a Propulsive Empennage concept, two
main configurations will be analyzed.. Configuration 1, is the configuration that has been analyzed in
the past that employs the PE at the rear end of the fuselage acting in a location similar to a conventional
tailplane. Configuration 1 is depicted in Figure 6.7. The second configuration is a configuration where
the PE is placed at the front of the aircraft, just after the cockpit, where the PE acts like a canard,
shown in Figure 6.8. The PE location on the fuselage is given in Table 6.4, the longitudinal direction is
normalized with the fuselage length where the lateral and vertical position are normalized with fuselage
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diameter. Note that for configuration 2, the fuselage length as been shortened because of unused tail
area on the fuselage.

For both configurations it has been tried to keep the PE in the same distance from the end of the
aircraft. So for configuration 1, 10% of the rear end. That would imply for configuration 2 that it
would need to be 10% from the front of the aircraft. The PE would then be on 2.1 meter from the front
and interfere with the cockpit. Thus it has been decided to place the empennage at 20% of the fuselage
length, which would equal 15% of the fuselage length if the original fuselage length was taken. Because
of the shape of the tail, configuration 1 is closer to the center line of the aircraft in y-direction.

Table 6.4: PE position on the fuselage for both configurations.

| Configuration | lyus [m] [ dyus [m] [ x[] [y [] [ 2[] ]
ATR72-600 27 2.87 0.90 | 0.00 | 1.00
Configuration 1 27 2.87 0.90 | 0.18 | 0.90
Configuration 2 21 2.87 0.15 | 0.25 | 0.90

Figure 6.7: Configuration 1 - PE placed at the rear Figure 6.8: Configuration 2 - PE placed at the front of
end of the fuselage. the fuselage just after the cockpit.

6.2.1. Center of Gravity
The longitudinal and vertical center of gravity is evaluated for different loading conditions of the air-
craft. These values are compared with similar loading conditions of the ATR aircraft. The lateral
center of gravity is assumed to be on the center line of the aircraft, as design changes have been made
symmetrically over the y-axis.

Longitudinal Center of Gravity

The center of gravity in the x-direction for DUUC in configurations 1 and 2 is given in Table 6.5 where
the values are compared with the ATR. The table indicates that the DUUC with the PE at the rear of
the aircraft exhibits a large aft center of gravity, as expected. Configuration 2 has a better alignment
of the center of gravity with respect to the ATR aircraft. However, the center of gravity excursion is
still larger than that of the conventional aircraft.

When configuration 1 is loaded with fuel and payload, a forward shift in center of gravity is experienced of
5.9%. The center of gravity of the configuration is pushed forward by 3.8% in minimum fuel conditions,
which is dangerously close compared to the baseline. With the center of gravity of the wing group
reaching 0.623 for the DUUC with rear PE configuration, compared to 0.443 for the ATR, it implies
that approximately 40% extra downforce is required for the DUUC to create a stable condition. This
will come at the cost of additional trim drag and will decrease the aerodynamic performance of the
DUUC.

The maximum variation in center of gravity of the ATR aircraft is 0.6% which shows the stability of
the aircraft. When this is compared to 5.9% and 3.9% of the DUUC, this highlights its sensitivity to
loading conditions.

The large deviations in center of gravity have some implications on the loading sequence of passengers
and payload to ensure that the aircraft does not tip to its tail. Operational constraints can be applied,
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or an additional tail wheel can be installed that can be deployed during ground operations. Although
this is not beneficial, it can prevent operational constraints.

Table 6.5: Longitudinal center of gravity results for both DUUC configurations compared to the ATR. for different
loading conditions.

Alrcraft CP:I}I’CII?;?)II f\(;ll‘::iition mw/mfus Tegra /xfus xcgwc/xfus xcy/xfus

ATRT72-600 No No 0.417 0.449 0.431 0.428
Full Max 0.417 0.449 0.443 0.446

Full Min 0.417 0.449 0.435 0.445

No Max 0.417 0.448 0.443 0.445

No Min 0.417 0.448 0.435 0.442

DUUC config. 1 | No No 0.574 0.570 0.623 0.588
Full Max 0.574 0.513 0.622 0.554

Full Min 0.574 0.513 0.623 0.538

No Max 0.574 0.570 0.622 0.597

No Min 0.574 0.570 0.623 0.589

DUUC config. 2 | No No 0.809 0.385 0.774 0.398
Full Max 0.809 0.412 0.776 0.429

Full Min 0.809 0.412 0.777 0.421

No Max 0.809 0.385 0.776 0.413

No Min 0.809 0.385 0.777 0.399

Vertical Center of Gravity

The vertical center of gravity is compared for the ATR and the DUUC. The center of gravity of all
components except for the empennage are constant in center of gravity between the ATR and DUUC.
The vertical center of gravity contributions of all components for the ATR and DUUC V0.1 in OEM
are given in Table 6.6 and Table 6.7 respectively. The center of gravity is shown in Figure 6.9. The
height of the fuselage is illustrated with a black dashed line, while the aerodynamic center of the wing
is illustrated in red. A reduction of 0.41 m is observed which is equal to 14 % of the fuselage height.
The main issue with this reduction is that the moment arm is decreased for the stabilizing contribution
of the wing to the stability of the pendulum.

The addition of only fuel will make both aircraft less stable in terms of pendulum stability as the vertical
center of gravity moves up. However, the effect on the DUUC is smaller, since the center of gravity
in the OEM condition is already closer to the center of gravity of the fuel. When fuel and passengers
are added to the aircraft, the vertical center of gravity is calculated again. The difference between the
ATR and the DUUC decreases; this has to do with the low position in the vertical center of gravity of
the payload. However, the difference is still 8% of the fuselage height.

Table 6.6: Vertical center position and mass of each

component in ATR. Table 6.7: Vertical center position and mass of each
component in DUUC.

| Component | z., [m] | mass [kg] | z., - mass |
Fuselage 144 3370 4853 | Component | z., [m] | mass [kg] | 2, - mass |
Systems 1.44 3113 4482 Fuselage 1.44 3370 4853
Wing 2.58 3309 8537 Systems 1.44 3113 3611
Landing Gear 0.14 1018 142 Wing 2.58 2875 7417
Engines 2.44 1989 4853 Landing Gear | 0.14 1018 142
Hor. tail 7.30 146 1065 PE 4.57 3359 15350
Vert. tail 5.09 178 906 [ Total [ | 13735 | 31373 |

[ Total \ | 13123 [ 24841 | | ‘ [ Zeor | 230 |

| | | Zegor | 189 ]
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Vertical Center of Gravity Effect of a Trim Tank
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Figure 6.9: Vertical center of gravity comparison Figure 6.10: Impact of the use of a trim tank on the
between the ATR72-600 and the DUUC with OEM horizontal center of gravity. The trim tank is placed
and full payload and fuel configuration. at 19 % of the fuselage on the DUUC configuration 1.

Assuming that the DUUC and ATR wings have the same performance in cruise conditions, the reduction
in pendulum stability can be calculated. The reduction of the pendulum stability contribution of the
fuselage in OEM is approximately 55% and is 22% under full payload and fuel conditions. The pendulum
stability takes up about 5% of the total value of Cy_, the reduction is not significant, but relaxes the
center of gravity constraints a bit.

Trim Tank

The challenge with the center-of-gravity excursion for the DUUC could potentially be solved by using
a trim tank. To compensate for the large tail load of the PE, a trim tank is placed in the front of
the aircraft just after the partitioning bulkhead of the cockpit. The trim tank can hold 10% of the
maximum fuel equal to 500 kg. The dimensions of the trim tank are calculated so that it fits below the
floor.

The results of the use of the trim tank and the effect on the center of gravity are depicted in Figure 6.10.
The effect of the trim tank is the largest in minimum fuel condition with zero payload. The center of
gravity shifts forward with 2% of the fuselage length. When the maximum payload is added, the shift
reduces to 1%. The effect when the aircraft is loaded with maximum fuel is negligible. The forward
center of gravity shift would reduce the additional trim drag by 3% for the minimum fuel case and 1%
when payload is added. The gains of the trim tank are small but it is worth considering this in the final
design.

Another option could be to add a larger trim tank in the aircraft, which can further reduce trim drag
under full fuel conditions. This would imply a weight penalty for additional systems that transport the
fuel from the trim tanks towards the PE. However, since the systems already have to be present when
installing a trim tank, the size depends only on the available space underneath the floor of the cabin.
A reduction in trim drag of 9.5% is achieved when a trim tank is installed that can hold 1000 kg of fuel.
This size pushes the limits in the available space beneath the cabin. The design is still conceptual, as
the available space underneath the floor is not fully known.
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6.2.2. Horizontal Tail Sizing

The horizontal tail area that is required versus the project surface area available for both configurations
is given in Table 6.8. Both configurations meet the required horizontal tail surface that would be
necessary for the stability and control requirement. The DUUC configuration 2 is placed slightly closer
to the fuselage and hence the pylon contribution to the lifting surface is reduced. The size of the duct
also influences the available surface for the vertical tail and hence also these requirements need to be
satisfied simultaneously.

Table 6.8: Horizontal tail area required to satisfy the control and stability requirements compared to the ATR

empennage.
Component conﬁzigt(i}on 1 conﬁzgrggon 2 ATRT2-600
Required Available Required Available | Required/Available
Hor. tail 12.81 13.79 11.70
Duct 11.96 12.96
Pylon 1.73 1.00
| Total [m?] | | 13.69 13.96 11.70

In order to get both configurations stable, the installation angle has to be adjusted. This installation
angle comes with a penalty of installation drag or trim drag. Table 6.9 gives the installation angle per
configuration, including a comparison of the drag increase due to the installation angle.

Table 6.9: Installation angle of the horizontal tail of the ATR and the PE for configuration 1 and 2.

DUUC DUUC
Parameter configuration 1 | configuration 2 ATRT72-600
ine [deg] -3.5 0 -1.5
Cprim | 0.0261 0.0183 0.0011
lpg , lpt [m] 9.50 6.39 13.82

6.2.3. Vertical Tail Sizing

The required and available respective vertical tail surface area is demonstrated in Table 6.10. The
tail lever arm of configuration 2 is significantly smaller than the lever arm for configuration 1 and to
ensure that the requirements can be met, the center of thrust application had to be moved closer to the
fuselage. This is the reason that the pylon of configuration 2 has been made smaller compared to one
with the PE at the rear.

Table 6.10: Vertical tail area required to satisfy the control and stability requirements compared to the ATR empennage.

DUUC DUUC
Component configuration 1 configuration 2 ATRT72-600
Required Available Required Available | Required/Available
Vert. tail 11.56 12.85 14.9
Duct 11.96 12.96
Pylon 0 0
| Total [m?] | | 11.96 | | 12.96 | 14.9 \

When the results are examined, configuration 1 requires a lower surface in vertical tail area. This has
to do with the fact that the PE is closer to the center line of the aircraft due to the tailoring of the tail.
This results in a lower necessary restoring moment in a OEI condition. Furthermore, the rudder area
of both configurations are not incorporated the in the available area. The rudders are currently placed
at 80% of the duct chord. This implies that roughly 25% of the rudder surface are pointing out of the
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PE and hence that area would add some additional available surface area. Thus, both design satisfy
the requirements for vertical tail area.

6.2.4. Tail Volume Coefficient

With the tail surface areas determined in the previous sections, the tail volume coefficients can be
calculated and compared with the allowable tail volume coefficients from the literature. The horizontal
and vertical tail volume coefficients for both DUUC configurations are illustrated in Figure 6.11 and
Figure 6.12, respectively. It must be noted that the definition of the tail lever arm changes definition
when the empennage is placed in front of the center of gravity. Thus the lever arm will always be
positive.

Horizontal Tail Volume Coefficients Vertical Tail Volume Coefficients

— Cv, =050 B N — Cy, =0.06
N Cy, = 0.60 N Cy, = 0.07
035 N cv, =070 v S Cv, =0.08
k N — Cv, =0.80 K N — €y, =0.09
- - === Cy, =090 === Cy,=0.10
0,30 4 N Cy, = 1.00

™ N ATR72-600 0.30 = T
- AN —e— DUUC - front SN —e— DUUC - front
0.25 AN —e— DUUC - rear . AN S —e— DUUC - rear

Cy, =011
ATR72-600

ShiSw -]
SulSw [-]
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Figure 6.11: Horizontal tail volume coefficient of the Figure 6.12: Vertical tail volume coefficient of the
DUUC within literature limits. DUUC within literature limits.

Both configurations have smaller tail lever arm compared to the conventional empennage of the ATR.
This has to do with the aft center of gravity. The smaller tail arm for DUUC in configuration also
has as in implication that it needs a larger area ratio to generate sufficient force for stability. DUUC
configuration 2 does fall beyond vertical tail volume coefficients that are common for transport aircraft.
The vertical tail volume coefficient for DUUC configuration 1 will be 0.07 while configuration will have
0.05 for CVT~

The horizontal tail volume coeflicients express the same behavior, but are still within the common
design ranges for transport aircraft. The horizontal tail volume coefficients will be 0.90 and 0.70 for
configurations 1 and 2, respectively. The tail volume coefficients are far from the values from similar
sized aircraft. Complementing this with the fact that there are no other statistical data available for
aircraft employing a Propulsive Empennage would make it very difficult to use the tail volume concept
in the preliminary sizing process of an aircraft with a PE.

6.2.5. Aerodynamic Performance

The aerodynamic performance of the aircraft configurations analyzed is shown in Figure 6.13. The
cruise lift coefficient for each configuration is listed in Table 6.11 where also the weight of the aircraft
in cruise is given. DUUC configuration has a shorter fuselage and hence the weight of this aircraft is
also lower.

From Figure 6.13 it becomes obvious that the aerodynamic performance of both DUUC configurations
do not outperform the ATR aircraft. The configuration with the PE at the front of the aircraft performs
better than the configuration with the empennage at the back. This has to do with the fact that the
empennage at the front has a lift contribution that is positive instead of negative. Additionally, the
installation angle is smaller and hence the installation drag or trim drag is lower.
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Drag Polars
1.0
ATR 72-600
—— DUUC - rear
—— DUUC - front
0.9 Ci. cruise ATR72-600
:: 2"“ 3332::& Table 6.11: Cruise lift coefficient and weight for each
0.8 ' configuration at an altitude of 7000 meter at 128 m/s.
%o [ Configuration | C_... [] | Mass [kg] |
ATR72-600 0.69 20623
061 DUUC config. 1 0.71 21235
DUUC config. 2 0.68 20550
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Figure 6.13: Drag polar comparison between different
configurations.

Fuel Fraction

The fuel fraction for the ATR has been extracted from the work from van den Dungen [16] who has
used the Initiator to calculate this value. The fuel fraction is defined as the fuel mass divided by the
maximum take-off mass. The results of the comparison is found in Table 6.12. Here can be observed
that configuration 1 has a 5% increase in fuel fraction while configuration 2 performs closer to the ATR.
This has to do with the fact that configuration 2 is slightly lighter but does use a bit more fuel due to
an increased drag in cruise.

Table 6.12: Fuel fraction results with respect to the ATRT72.

| Configuration Fuel fraction | Deviation from baseline [%] |
ATR72-600 0.0695 -
DUUC - config. 1 0.0728 +4.714 %
DUUC - config. 2 0.0711 + 2.30 %

Propulsive Efficiency

The propulsive efficiency of the ATR is found to be 0.79 with the definition of FEquation 3.3. This
efficiency is also evaluated in cruise phase for both DUUC configurations and the results are listed in
Table 6.13. The results show a maximum deviation of 10%. This has to do with the additional drag of
the aircraft. Configuration 2 performs slightly better as it has a bit less drag. It must be noted that
the thrust benefit the ducted propulsors have is included, and hence annulled by the additional drag of
the aircraft.

Table 6.13: Propulsive Efficiency comparison between the ATR and DUUC configurations at V=128 m/s.

’ Configuration \ Npropulsive | Deviation from baseline [%] ‘
ATR72-600 0.79
DUUC - config. 1 0.71 -10.1 %
DUUC - config. 2 0.73 -74%
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6.2.6. Stability Derivatives

The stability derivatives obtained for the DUUC are given in Table 6.14 where the PE is placed at the
rear and front of the aircraft. The DUUC configurations are compared with the TAFM values for the
reference aircraft.

Table 6.14: Stability derivatives for the two configurations of the DUUC compared with the derivatives from the ATR.

’ Derivative \ Unit \ ATRT72-600 \ DUUC - config. 1 \ DUUC - config. 2 ‘

Cr. [rad—1] 5.7331 6.1197 6.4308
Cu, [rad=1] -1.667 -2.0822 -0.3124
Cy, [rad=1] -0.7286 -0.9173 -0.8182
Cn, [rad=—1] 0.1441 0.3222 -0.2091

The lift curve slope of both configurations is slightly higher compared to the traditional empennage.
This has to do with a higher value of the tail efficiency factor 7; as this does not have the slipstream
effect of the propellers that affects the inflow of the horizontal tail. For configuration 2, where the PE
is in front of the wing, the downwash factor is zero, which leads to a higher value. Additionally, the
DUUC aircraft has a clean wing configuration leading to an increase value of Cp .

The pitching moment derivative with respect to alpha for the DUUC with the rear PE is more negative
compared to the ATR as the tail is more effective, as explained in the previous paragraph. The Cjs,
value for the second configuration is still negative but significantly lower compared to the baseline. A
comparison of the component distributions is illustrated in Figure 6.14. As the value Cjy, is an offset,
it has been decided to keep it zero for this analysis as it is not trivial to calculate this value for a
wing, let alone for the innovative PE. Since the fuselage in configuration 2 is smaller, the destabilizing
contribution as observed in Figure 6.14 decreases.

Cy Component breakdown

0.4
Fuselage config. 1
0.3 Fuselage config. 2
Wing contribution
0.2 PE - config. 1
PE - config. 2
01 Empennage ATR
: DUUC - config. 1
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S 0.0
014 . SSSSSep. TTmm=e -
-0.2 1
\\\\\ >
-0.31 S
~~%
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Figure 6.14: C}y, contribution of aircraft components and aircraft sum comparison.

Another significant thing to observe from Table 6.14 is that the sign of the weathercock stability changes
sign when the PE is placed at the front of the aircraft. This causes the aircraft not to be directionally
stable by configuration. This implies that additional rudder deflection would be necessary to deal with
sideslip and hence additional drag.

6.2.7. Control Derivatives

The control derivatives for both DUUC configurations 1 and 2 are given in Table 6.15 and compared to
the values found for the ATR. For each DUUC configuration, the two control vane configurations are
analyzed for which the results can also be found in Table 6.15. When the DUUC is in configuration 2,
the control deflections have changed sign, in order to generate the same response since the empennage
is now in front of the cg of the aircraft.
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Table 6.15: Control derivatives for the two configurations of the DUUC and for two different control vane configurations
compared with the derivatives from the ATR.

Derivative | Unit ATR72-600 | DUUC - config. 1 DUUC - config. 2
X-configuration | Duct-edge | X-configuration | Duct-edge
CLs, [rad—1] 0.3048 0.1070 0.3960 0.1070 0.3960
Ch,, [rad— 1] -1.6837 -0.4549 -1.6835 -0.3112 -1.1519
Cy;, [rad—1] -0.6310 -0.1070 -0.3960 -0.1070 -0.3960
Ch,, [rad—1 -0.2921 -0.4549 -1.6835 -0.3112 -1.1519

From the values listed in Table 6.15 with respect to the elevator deflection, it can be observed that
the X-configuration control vanes have a very low response. This has as a consequence that a larger
deflection is required to obtain the required result and hence would generate more drag. When the
control vanes are moved to the duct edge, the control regime is very close to the baseline of the ATR.

The rudder control authority is for the DUUC duct’s edge configuration show a very large value com-
pared to the baseline of the ATR.

Reduced Control Vane Load

As discussed in section 4.5, the force generated by the control vanes has to be corrected for the inflow
direction in the propeller swirl when the control vanes are in X-configuration. To determine the effect of
this correction, a test case is studied in which the inflow angle of the control vanes is equal to 5 degrees
over a range of elevator deflections. Figure 6.15 shows that if the model were not corrected, the lift
curve would look like the blue line. With an angle correction of —2-« to one of the control vanes, the lift
curve is depicted in orange. The difference between the two, shown in red, decreases at larger deflection
angles as one of the control vanes enters the nonlinear part of the 2D lift curve generated in XFoil. The
lift coefficient per control vane corresponding to each elevator deflection is given in Table 6.16.

Elevator lift coefficient comparison

Table 6.16: Elevator lift coefficient per angle of attack
over a range of elevator deflection.

a0 | act | @2 [ Ci—eot | Ci—cor | Ciegss |
*] 510 5 5 | 0.6410 | -0.6410 | 0.0000
515 ] 10 0 | 1.2370 | 0.0000 | 0.6150
] e monehe e otk 51 7 12 2 1.4267 | 0.2582 | 0.8424
oo} ‘ |~ Comected conrol vane model 5110 | 15 5 | 1.4737 | 0.6410 | 1.0573

Elevator deflection 6. [deg]

Figure 6.15: Control Vane lift coefficient correction for
propeller swirl.

This reduced load for the elevator is also valid and applied to the rudder inside the DFS. The results
of then control vane loads in duct-edge configuration do not change. The corrected model shows a
25% reduction in the response of the control vanes based on a deflection. This has to be taken into
consideration when choosing a suitable control vane configuration for the DUUC design.
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6.3. Sensitivity Study

A sensitivity study has been performed to determine the effect of certain critical design parameters that
have been mentioned before. Changing design parameters has multiple effects on the aircraft design; the
most significant effect related to each parameter is shown. The design parameters that are investigated
are the PE positioning and duct diameter.

6.3.1. Propulsive Empennage Position

One of the key elements in the design of the DUUC is the positioning of the PE on the aircraft. In
the scope, lateral symmetry is assumed and hence all changes that are made will be symmetric. The
positioning in x- and y-direction are investigated including their effect. The longitudinal placement
of the PE will affect the sizing of the horizontal tail surface and the center of gravity. The lateral
positioning affects the restoring moment that the PE should generate in case of an OEI situation.

Longitudinal Position

To investigate the effect of the longitudinal position of the PE on the behavior of the aircraft, it is
placed at different locations on the fuselage. The location is normalized with the length of the fuselage.
A graphic representation of the positioning of PE on the fuselage is given in Figure 6.16. The range in
which the PE is placed on the fuselage is 0.01 < x < 1.
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(a) Schematic of the PE position at 0.01 z/xf,s on the fuselage.
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¢) Schematic of the PE position at 1.00 z/z f,s on the fuselage.
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Figure 6.16: Schematic representation of the PE position change on the fuselage to determine the effect on the center of
gravity.

The effect of the loading condition on the center of gravity is illustrated in Figure 6.17. Here, it can
be observed that the loading payload on to the aircraft pulls the maximum center of gravity location
forward, but also illustrates that the minimum cg value is further aft. There is a point around the point
at which both payload lines cross each other, which is at the wing position of this aircraft configuration
at which the fuel loading does not matter for the center of gravity.
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The loading of fuel in the configuration decreases the steepness of the center of gravity line with respect
to the PE position. It also increases the maximum location of the center of gravity, which also shows the
extremest value for the cg. This is found with the maximum fuel load without payload in the fuselage.

— OEM

Max payload + max fuel
—— Max payload + min fuel
—— No payload + max fuel

—— No payload + min fuel
—

P

Center of Gravity shift with position of PE
1
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Normalized PE position (x/lfseiage)

Figure 6.17: Effect of the PE position on the fuselage with respect to the center of gravity in different loading conditions.

When changing the PE position across the fuselage, not only the center of gravity changes but also the
tail lever arm. This arm is defined as the length between the center of gravity and the aerodynamic
center of the empennage. Figure 6.19 shows the tail lever arm with respect to the position of the PE
on the fuselage. Two configurations are examined where the fuselage length of 21 meter corresponds to
DUUC configuration 2 and the length of 27 meter to configuration 1 and the ATR baseline.

The center of gravity change with the moving PE has been taken into consideration in this line. The
tail lever arm becomes negative when the PE is placed in front of the center of gravity. For stability
relations and tail volume coefficient the tail lever arm has a positive value and the absolute value from
Figure 6.19 is obtained. It becomes obvious that the rate of change in the tail lever arm is smaller for
the smaller fuselage. This can be explained by the fact that a change in location on the smaller fuselage
also has a smaller effect, since the arm to the center of gravity is smaller.

With a decreasing or increasing tail lever arm, a different horizontal tail surface is required to stabilize
the aircraft. When the tail lever arm is small or zero, the value for required horizontal tail surface
becomes infinite. The results of this analysis are given in Figure 6.18.
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Figure 6.18: Effect of the PE position on the fuselage Figure 6.19: Effect of the PE position on the fuselage
with respect to required horizontal tail surface. with respect to the tail lever arm.

In the conceptual design, the size of the PE has yet to be determined. For this reason, the effect of an
increase and decrease in weight has been investigated with respect to the position of PE on the fuselage
in Figure 6.20. It is apparent that a heaver PE leads to a center of gravity that is further aft when
the PE is at the rear end of the fuselage. The slope of the center of gravity change with respect to the
fuselage position becomes less steep and enhances the effect of moving the PE. The effect of a change
of 1000 kg in the empennage weight changes the position of the center of gravity by 6.5%.
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Figure 6.20: Effect of the PE position on the fuselage with respect to the center of gravity with a variation in PE weight.

Lateral Position
The lateral position of the PE on the aircraft can be changed by determining the pylon length or cant
angle. The duct diameter has to be kept constant in order to have the same propulsive properties.
When the pylon length is increased, the largest implication is the increase in weight and support mass.
As the structural moment that these have to undertake becomes larger the structural requirements
change the mass.

Figure 6.21 show the weight increase with pylon length for both DUUC configurations. The DUUC
configuration is slightly heaver due to the larger duct size which implies a higher weight and steeper
increase of weight with pylon length.

Increasing the pylon length changes the location of thrust application and thus the restoring moment
when the aircraft has OEIL. The drag of the non-working PE is also different due to the increased pylon
length but also due to the application line. The restoring moment that is required to counteract the
OEI condition increases linearly with pylon length as can be concluded from Figure 6.22.

Restoring moment required vs Pylon Length
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Figure 6.21: Pylon and support mass over a range of Figure 6.22: Required restoring moment with respect
pylon length for the DUUC. to pylon length for the DUUC.

Changing the cant angle also changes the bending moment the pylon and support have to undertake.
As the component buckling component inside the beams decreases with a decrease in cant angle, the
bending moment increases and hence the weight also increases. The results of this sensitivity parameter
is shown in Figure 6.23.
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Figure 6.23: Effect of cant angle on the pylon and Figure 6.24: Effect of pylon length on aircraft lift over
support mass over a range of pylon length for the a range of pylon length for the DUUC with a cant
DUUC. angle of 30 degrees.

When the pylon length is increased, the lifting surface becomes larger and hence the lift contribution
on aircraft level also increases. Figure 6.24 demonstrates the lift contribution of the pylon for a range
of angles of attack of the pylon versus the pylon length. From Figure 6.24 it becomes clear that only at
large angles of attack the contribution of the pylon becomes more significant with a significantly larger

pylon.

6.3.2. Duct Diameter

The duct diameter is directly related to the performance of the PE. As the model is validated for a
certain aspect ratios, it has been decided to keep the aspect ratio of the duct constant at 2.0 during the
sensitivity analysis. When the duct diameter is modified, a few other parameters that are linked, will
also change. The chord of the duct, span of the support, blade radius and control vanes automatically
change size when the duct diameter is adjusted.

In terms of mass, the duct and the support have the largest change when the diameter of the duct is
changed. This is done under the assumption that the engine in the PE stays the same and that the
nacelle does not change size. This assumption is not fully valid when the duct is very small, but as the
engine mass is taken from reference, it is difficult to scale with the duct diameter, and hence it has been
decided to keep it constant. Figure 6.25 illustrates the increase in weight of the duct and support with
increasing duct diameter. The support weight increases because of its increase in size, but also due to
the increase in bending moment that is caused by the increased duct weight.

When this increase in weight is analyzed on the complete PE weight, the duct and support weight
become notably larger towards the larger duct diameters. This is of course to be expected as the large
contributors, the engine and nacelle, have been set constant for this analysis.
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Figure 6.25: Relation between duct diameter and mass Figure 6.26: Duct mass with respect to PE mass over

of the duct and support. a range of duct diameter.
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The expansion ratio, which merely determines the additional thrust that is delivered due to the ap-
plication of a duct around the propeller, depends on the airfoil profile used in the duct. When using
a symmetric profile, the expansion ratio is determined by the thickness change between the propeller
plane and the exit. Figure 6.27 illustrates the relationship of the expansion ratio with respect to the
thrust ratio between a ducted and open rotor propeller. It can be concluded that having a larger ex-
pansion ratio delivers a higher portion of additional thrust. Potential design changes from this could be
the use of cambered airfoil profiles. This would increase the expansion ratio. Secondly, a slight positive
installation angle of the airfoil profiles of the duct would also lead to the same result. Note that the
full should still fully expand to ambient pressure to ensure that the relationship in Figure 6.27 holds.

The effect on thrust with respect to the duct diameter is illustrated in Figure 6.28. It can be observed
that the thrust quadratically relates to the duct diameter. This is also observed in the definition of the
BEM model. Different expansion ratios are illustrated in this figure. In this case the open rotor thrust
with the smallest duct diameter generates 250 N of thrust.
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Figure 6.27: Relation between expansion ratio and Figure 6.28: Relation between duct diameter and PE
thrust of the PE compared to open rotor. thrust.

6.4. DUUC V0.9

The DUUC V0.9 is an aircraft configuration that has been found to be the best in the analysis of the
feasibility of the DUUC. A trade-off is made between aerodynamic and flight mechanics performance

leading to this design. The aircraft is illustrated in Figure 6.29. The aircraft information is provided
in Table 6.17.

Figure 6.29: DUUC V0.9 aircraft configuration.
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Table 6.17: DUUC V0.9 properties found by the prediction model.

| Parameter | Value | Unit |

OEM 13735 | [kg
mpg 3359 kg
lfus 27 [m]
S 61.4 | [m?]
Cr 0.7091 -
Chb 0.0415 -
L/D 17.08 | |-

The V0.9 design for the DFS is depicted in Figure 6.30. The control vane configuration of the DUUC
V0.1 should be changed to the duct edge configuration as shown in Figure 6.31. The improvement in
control regime, even without detailed analysis, predicts enough improvement with respect to the X-
configuration control vanes. Hence, it has been decided to implement this configuration on the DUUC
V0.9. It must be noted that the illustration in Figure 6.31 is still conceptual as the detailed design of
the control vanes on the duct edge is beyond the scope of this assignment.

Figure 6.30: DFS for the DUUC VO0.9.

Figure 6.31: Conceptual illustration of the proposed
control vane configuration used in the DUUC VO0.9.






Conclusions and Recommendations

This chapter closes the research on the feasibility of an aircraft employing a PE and the DUUC aircraft
concept. Conclusions and answers to research questions are given in section 7.1 and recommendations
for future work are provided in section 7.2.

7.1. Conclusions

The research in this thesis was set out to investigate the feasibility of the Delft University Unconventional
Configuration aircraft, which integrates the propulsion system into the empennage. The concept of
synergizing the two systems shows potential combined with other benefits such as a clean wing and
potential noise reduction in the cabin and surroundings. Earlier studies have shown that the performance
of the DUUC was not favorable compared to that of other aircraft due to the increase in weight and
the excursions to the center of gravity. However, these studies were not conclusive, and therefore this
study has been done to reevaluate the studies that have been done, refine where possible, and conclude
on the feasibility of the concept DUUC.

The DUUC is analyzed by means of empirical relations evaluating the aerodynamics and flight dynamics
behavior of the aircraft in the Integrated Aircraft Feasibility Model. This model is validated with
experimental data and compared with the reference aircraft, the ATR72-600. The positioning of the
PE on the fuselage has been evaluated in two main configurations, where a conventional position has
been compared to a canard version of the PE.

When the previous methodology for the analysis of the DUUC is compared with the IAFM in this
thesis, changes in the aerodynamic and flight mechanics model are found. A correction factor has been
applied that takes into account the flow change around the duct into consideration when the control
vanes are deflected. This correction factor for the effective inflow angle of the duct is very small and
will show negligible results. Secondly, the aerodynamic model of the nacelle has been updated. It
was assumed that the nacelle did not produce any lift, this has been proven wrong, and a model has
been implemented that determines the aerodynamic coefficients based on a slender inclined body of
revolution. The coefficients that result from this model are small but contribute to the overall forces
and hence should be taken into account.

The inflow angle of the support and control vanes was determined by means of the propeller slip in
earlier studies. This model has been improved to have velocity vectors that take into account the axial
velocity caused by the propeller. The radial distribution of the axial velocity on the propeller blade
was averaged as the duct reduces the tip losses on the blade. Due to the propeller swirl, the control
vanes in the x-configuration show a reduced load due to the negative inflow angle on one of the control
vanes. This reduces the generated forces by 25%. This applied correction improves the control vane
load model that has previously been used.

Up to now, only the x-configuration of the control vanes had been studied, but an alternative config-
uration, where the control vanes are on the edge of the duct, had been recommended. The control

89
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vane effectiveness has been determined by means of an AVL analogy and the duct edge controls demon-
strate three times the effectiveness compared to the x-configuration control vanes. Finally, an empirical
method for determining the thrust of the duct has been implemented that calculates the thrust produc-
tion on the expansion ratio of the duct.

In the flight mechanics model, the mass prediction of the duct, pylon and support have been updated.
Where previously the duct’s mass was dependent on an empirical method of nacelle mass estimation, this
has been changed to the mass prediction of a horizontal stabilizer to allow the structural requirements to
be evaluated in the same way. The pylon and support mass are not evaluated by means of a percentage
of the carried weight but are not sized by means of the bending moment generated by the aerodynamic
and weight load. This leads to a mass prediction that is more accurate than the percentual method
and approaches the detailed sizing that has been done by an FEM analysis in the past.

The pendulum stability, which is caused by drag components with respect to the vertical center of
gravity had not been specifically treated in earlier works but has been implemented in the TAFM. With
the addition of the Propulsive Empennage, the aircraft shows a reduced stabilizing effect of the fuselage
due to the smaller moment arm. The contribution has been shown to be large enough to incorporate
into the model as it relaxes some of the stability constraints.

How can the conceptual sizing method of the tail volume coefficient be applied for the Propulsive
Empennage of the DUUC?

When using the same definition for the tail volume coefficient but changing the surface area of the
horizontal and vertical tail into the projected surface area. The principle of tail volume coefficient can
be used in the sizing process. For the horizontal tail surface, the pylon should also be taken into consid-
eration. The tail volume coefficients found for both DUUC configurations are not close to the reference
values of the ATR. The vertical tail coefficients found are 0.07 and 0.05 for respective configurations,
while the ATR is 0.119. Configurations 1 and 2 have a horizontal tail coefficient of 0.90 and 0.70 where
for the ATR 1.05 is found. In combination with the fact that there is no other statistical data available
for tail volume coefficients of aircraft employing a Propulsive Empennage will make it hard to use this
principle in the conceptual design phase of the DUUC.

What is the propulsive efficiency of an aircraft employing a Propulsive Empennage?

When the propulsive efficiency is defined as the net forward force of the propulsion group and the em-
pennage combined, the ATR has a propulsive efficiency of 0.79. DUUC configurations 1 and 2 have a
lower propulsive efficiency, where configuration 1 performs 14% less and configuration 2 slightly better
with a reduction of 10%. This has to do with the fact that configuration 2 has slightly less drag. The
thrust benefit of the ducted propeller is annulled by the additional drag of the empennage.

How does the performance of the DUUC configuration compare to a conventional turboprop configu-
ration aircraft?

The performance of the DUUC is analyzed with respect to the OEM, the lift-to-drag ratio, and the
propulsive efficiency. It can be concluded that the DUUC configurations that have been evaluated do
not outperform the ATR. In terms of OEM, configuration 1 shows an increase while configuration 2 is
slightly lighter. The decrease in weight for configuration 2 is due to the shorter fuselage length. Where
the addition of the duct pylon and support make the PE a heavier system. There is a small weight gain
in the wing structure as the DUUC does not have wing mounted engines.

The lift-to-drag ratio in cruise conditions of configuration 2 is closer to ATR and thus performs better
than configuration 1. This is caused by the fact that in the canard situation, the PE delivers a positive
lift contribution and the trim drag of the empennage is lower. The aerodynamic performance of the
ATR performs approximately 6% better. A maximum reduction of 10% in propulsive efficiency is found
for the DUUC in a conventional empennage configuration.

What improvements can be made to the Propulsive Empennage to enhance propulsive efficiency?
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Changing the position of the empennage on the fuselage affects the installation angle and hence the
trim drag of the PE. This can positively influence the propulsive efficiency. Additionally, the Propulsive
Empennage has almost double the zero lift drag compared to a conventional empennage. When this
could be reduced, the propulsive efficiency would be positively affected. The major contributor to the
zero lift drag are the ducts and hence small changes could already have significant influence.

What are alternative positions of the Propulsive Empennage, and how does this affect the performance?

In the analysis of the two configurations of the DUUC, a canard and a conventional tail location were
evaluated. Placing the PE in front of the wing is favorable for the center of gravity excursion, but
significantly reduces the longitudinal stability of the aircraft. The weathercock stability that is strongly
present for the PE changes sign when the PE is placed in front of the wing, which requires active control
systems to compensate. As observed in the sensitivity study, moving the PE forwards on the fuselage
decreases the center of gravity excursion which contributes to the stability of the aircraft.

What are the implications with respect to the static stability of the aircraft when the Propulsive
Empennage is used compared to a conventional turboprop?

As already concluded in previous studies, the center of gravity excursion increases when a propulsive
aircraft is used. This is due to the increased tail load. A trim tank could be used to decrease this
excursion and contribute to longitudinal stability. The pendulum stability contribution of the wing is
reduced when using a PE on the aircraft, this is caused by the decreased moment arm to the vertical
center of gravity. When the PE is placed in front of the wing, the aircraft becomes unstable with
respect to sideslip.

How can the Propulsive Empennage be optimized to enhance aerodynamic efficiency, perfor-
mance and stability compared to design iteration V0.1?7

A trim tank could be applied directly after the cockpit underneath the cabin floor to reduce the center
of gravity excursion of the aircraft. It should be noted that this has only been conceptually evaluated
and the feasibility and safety constraints of such a tank have not been determined.

The duct diameter has been optimized together with the pylon length to have the optimum dimensions
to allow for sufficient thrust production whilst also meeting the control and stability requirements for
the horizontal and vertical stabilizer.

Finally, using the duct edge control vanes compared to the x-configuration applied in DUUC V0.1,
improves the control regime which is beneficial considering the large center of gravity excursion when
the PE is applied.

What is the feasibility of the DUUC aircraft concept with respect to aerodynamic efficiency,
performance and stability characteristics compared to a conventional turboprop aircraft?

Considering all the changes that have been made to the IAFM and the changes that have been applied to
the DUUC design. Also, evaluating the results of an alternative position of the Propulsive Empennage.
It must be concluded that the DUUC will not outperform a conventional aircraft. The largest issue
of the center of gravity excursion causes too much trim drag for the aircraft to improve the efficiency.
The addition of a trim tank does not provide sufficient reduction and, with moving the wing position
aft, the moment arm reduces too much, and hence the requirements for the tail surfaces are not met
without increasing the weight even more.

The synergy of the propulsion and empennage systems has potential because of the additional thrust
generated and the highly effective control vanes when placed on the edge of the duct. When placing
the ducted fans on the DUUC concept, it must be noted that the thrust benefit is annulled by the
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additional trim drag. The increased fuel fraction and lower propulsive efficiency lead to the conclusion
that the DUUC aircraft cannot outperform a conventional aircraft.

7.2. Recommendations

Although the DUUC aircraft configuration does not outperform a conventional configuration. There
are still some recommendations for future work that can be made.

Control Vane Model

The control vane model for the duct edge configuration has been analytically determined by means of
AVL. For the use of ducted propellers that have control vanes, a more detailed study would be required
to determine the interaction effects and flow behavior at the exit of the duct.

Placing the control vanes on the duct’s edge also implies that the exit of the duct cannot be circular
anymore. A square duct has been investigated by Mourao [89] but this does not include a duct that
goes from circular to a square shape. Also, the interaction effect at the corner with the leading edges
of the control vanes should be investigated.

Lightweight Duct

A study can be done in creating a lightweight duct that is even lighter than the duct that has been
proposed by Stavreva [15] in an earlier study. This in combination with the points proposed in section 7.2
could make a combination in which the tail load is reduced in such a way that the center of gravity
excursion and trim drag could be optimized, reducing the performance decreases.

Electric propulsion

Using a hybrid electric propulsion system has the disadvantage of adding additional weight to the
aircraft. With the already heavier empennage this would increase the OEM even more. The benefit
of this system would be that components could have an alternative placement in the fuselage but only
at the cost of passenger space in the fuselage. Combined with new range and passenger requirements,
the alternative component placement in the propulsion unit shows potential in decreasing the center of
gravity excursion.
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DUUC configurations

This appendix contains the geometric information with respect to both DUUC configurations that have
been used in the feasibility analysis of the DUUC.

A.l. DUUC - configuration 1

The geometric properties of the DFS used in the results for configuration 1 are listed in Table A.1.

Table A.1: Geometry used for the DF'S components in DUUC configuration 1.

| Component | Value | Unit |
Duct diameter 3.40 m
Duct chord 1.70 m
Duct airfoil NACA0012 | []
Pylon span 1.00 m
Pylon chord 1.00 m
Pylon airfoil NACA0012 | []
Tpylon 0.85 m
Support span 3.40 m
Support chord 0.75 m
Support airfoil NACA0012 | []
T support 0.85 m
Nacelle diameter 1.00 m
Control Vanes airfoil | NACA0016 | []
Control Vane span 1.80 m
Control Vane chord 0.30 m
L control 1.37 m
Nplades 6 [_]
Cant angle 35 [deg]
TpPE 27.00 m
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A.2. DUUC - configuration 2

A.2. DUUC - configuration 2

The geometric properties of the DFS used in the results for configuration 2 are listed in Table A.2.

Table A.2: Geometry used for the DFS components in DUUC configuration 2.

] Component \ Value \ Unit \
Duct diameter 3.60 [m]
Duct chord 1.80 [m]
Duct airfoil NACA0012 | []
Pylon span 0.75 [m]
Pylon chord 1.00 [m]
Pylon airfoil NACAO0012 []
Tpyion 0.90 [m]
Support span 3.40 [m]
Support chord 0.75 [m]
Support airfoil NACAO0012 []
Tsupport 0.90 [m]
Nacelle diameter 1.00 [m]
Control Vanes airfoil | NACA0016 | [-]
Control Vane span 1.80 [m]
Control Vane chord 0.30 [m]
Lcontrol 1.44 [m}
Nblades 6 [_}
Cant angle 30 [deg
TpPE 4.80 m




ATR72-600 - reference aircraft

In this appendix, relevant properties of the ATR72-600 aircraft are calculated or the calculation is
explained. This allows for an easy and fair comparison between the reference aircraft and the DUUC.

B.1. Weight Estimation

The weight estimation of the reference aircraft follows the same equations as presented in section 5.1.
The horizontal and vertical tail surface are determined using Equation 5.1. The engine and nacelle mass
are calculated using Equation 5.6 and Equation 5.5, respectively. The results of the weight estimation
are given in Table B.1. The reference values are obtained from the University of Applied Sciences from
Hamburg [36].

For determining the weight of the fuselage and wing, Equation B.1 and Equation B.2 are used, according
to Torenbeek [50]. Where the wetted area of the fuselage is predicted by means of Equation B.3. The
equation for the wing mass is valid for aircraft with a maximum take off mass above 5700 kg and for
the fuselage a dive speed greater than 130 m/s ensures this equation applies.

A 5% reduction in wing mass can be applied when the landing gear is not mounted to the wing.
Additionally, according to Torenbeek [50] the wing mass can be decreased by 5% when the engines are
not mounted onto the wing.

l
g =028 Va2 B.)
bre bo/tr  \*
s MZF | RPw

Table B.1: Weight estimation reference aircraft.

| Component | Model value [kg] | Reference value [kg] [62] |
Fuselage 2685 2323
Wing 2875 3309
Vertical Tail 178 178
Horizontal Tail 146 124
Engine (for both engines) 1532 1532
Nacelle 228 241

B.2. Zero Lift Drag

The wetted area of the fuselage of the ATR is determined using Equation B.3. Torenbeek [50] provides
this relation where the fuselage assumes a cylindrical middle part. The slenderness ratio of the fuselage
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is represented by Agys. According to Torenbeek [50] an additional 3% has to be added to the zero lift
drag of the fuselage due to the landing gear fairings of the main landing gear.

1 )
T2
Afus

The wetted area of for the components in the ATR are listed in Table B.2. The zero lift drag coefficient
values for the relevant components of the ATR are given in Table B.3.

Swet,fus =T dfus . lfus : (1 (B?))

Table B.2: Syt values for the ATR obtained from Nita [62].

’ Component \ Swet [m?] ‘

Fuselage 222
Wing 129
Vert. tail 29
Hor. tail 22
Nacelle 18

Table B.3: C'pg values for the ATR obtained from Nita [62].

] Component \ Cpo [-] \
Fuselage 8.053 - 1073
Wing 0.014
Vert. tail 1.315-1073
Hor. tail 8.347-107%
Nacelle 1.160 - 1073

B.3. Stability Derivatives

The stability coefficient of the fuselage (C, ;,.), relevant for the directional stability of the aircraft,
can be determined using Equation B.4 defined by Finck [71].

CNp jue =

0.27 -

360

- T

M

lfus

R
kp.s = 0.46 - log (10‘;) +1

2 kv K
5 N - KR.J

—0.168 - In (

12

lfus
dfus

_fus TJus
Sy b

Where the factors ky and kg, ; are represented in FEquation B.5 and FEquation B.6 respectively.

'dfus

) + 0.416] — 0.0005



Experimental Data Processing

In this appendix the processing of the experimental data is explained as well as the scaling factors used
for different experimental sources.

C.1. Spinner Mass Estimation

The spinner mass relative to the blades of a propeller can be estimated by taking the average spinner
mass of the example propellers given in Table C.1. This results in an average weight increase of 10%.

Table C.1: Relative spinner hub mass of a propeller.

| Propeller | Mass blades [kg] | Mass hub [kg] | Relative mass [%] |
Dowty R381/6-123-F/5 227 23 10.1%
Hartzell ASC-II 18.1 1.8 9.9%

C.2. AVL Setup and Scaling

The AVL setup that has been used to determine the aerodynamic properties of the DFS is illustrated
in Figure C.1. It must be noted that the right scaling factor has to be used in order to compare the
experimental data with the results obtained from AVL.

Elev-20°

Figure C.1: AVL setup used to calculate the aerodynamic properties for the DFS.
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C.3. Reference Data Scaling Factors 102

The applied scaling factor is given in Equation C.1. This has to do with a mismatch between the
definition of the aspect ratio of a regular wing and the definition of the AR in this thesis. The value of
10 is obtained by multiplying all values in Table C.2

10

T — 1
ARduct (C )

kave =

Table C.2: Scaling factors used to modify AVL results.

’ Factor \ Value ‘
AR definition mismatch s
Weissinger’s horseshoe vortex simplification 2
AVL'’s resolution of bidirectional tip vortices 1.6

C.3. Reference Data Scaling Factors

For each source with experimental data of ducts, shrouded propellers and nacelles, a separate scaling
factor has been applied to allow for a fair comparison. The reference area has been kept equal and
whilst validating the results of the components, the flight and operating conditions have been taken
similarly.

For the ducted fans, an attempt has been made use the same geometry. Not all data about the
experimental setup was publicly available and hence the results are not fully one-to-one comparable.



Aerodynamic Performance PE

This appendix contains the aerodynamic coefficients of the individual DF'S components over a range of
angle of attack.

Duct

The lift, drag and pitching moment coefficient of the duct can be found in Figure D.1, Figure D.2 and
Figure D.3, respectively.

Lift coefficient Duct 0.25 Drag coefficient Duct
161 — C Co
1.44
0.20

1.24 _
§ 1.04 S 0151
5 g
< 084 S
g8 £
@ 17}
] S 0.101
5067 o 0
£ I
- a

0.4

0.05 4
0.2
0.0 1
T T T T T T T 0.00 T T y T T T T
0.0 25 5.0 75 100 125 150 175  20.0 0.0 2.5 5.0 75 100 125 150 175  20.0
Angle of Attack a [deg] Angle of Attack a [deg]
Figure D.1: C, vs. « for the duct in the DFS. Figure D.2: Cp vs. « for the duct in the DFS.
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Figure D.3: Cjs vs. « for the duct in the DFS.
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Pylon

The lift, drag and pitching moment coefficient of the pylon can be found in Figure D.4, Figure D.5 and

Figure D.6, respectively.

Lift Coefficient Pylon

Drag Coefficient Cp [-]

Drag Coefficient Pylon

— Cp
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Figure D.5: C'p vs. « for the pylon in the DFS.
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Figure D.6: C); vs. « for the pylon in the DFS.
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The lift, drag and pitching moment coefficient of the nacelle can be found in Figure D.7, Figure D.8

and Figure D.9, respectively.

Lift coefficient Nacelle
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Figure D.7: Cf, vs. «a for the nacelle in the DFS.
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Figure D.8: Cp vs. « for the nacelle in the DFS.
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Pitching Moment Coefficient Nacelle
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Figure D.9: Cj; vs. « for the nacelle in the DFS.

Support
The lift, drag and pitching moment coefficient of the support can be found in Figure D.10, Figure D.11
and Figure D.12, respectively.

Lift Coefficient Support Drag Coefficient Support
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Figure D.10: Cf vs. « for the support in the DFS. Figure D.11: Cp vs. « for the support in the DFS.
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Figure D.12: Cj; vs. « for the support in the DFS.
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Control Vanes

Support

The lift, drag and pitching moment coefficient of the control vanes can be found in Figure D.13, Fig-
ure D.14 and Figure D.15, respectively.

Lift Coefficient Control Vanes Drag Coefficient Control Vanes
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Figure D.13: C, vs. « for the control vanes in the Figure D.14: Cp vs. « for the control vanes in the
DFS. DFS.
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Figure D.15: Cp; vs. « for the control vanes in the DFS.
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