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ABSTRACT

Recent rise in aircraft operating costs and increased awareness of environmental importance have
raised the interest of finding solutions to operate aircraft with less emissions and lower cost. Part
of this solutions can be found in the aircraft design. Innovations made within the design of aircraft
can have drastic effects on the fuel consumption.

Regarding the aircraft design, the design of an aircraft is strongly linked with the propulsion system.
The aircraft design is adapted in combination with the propulsion system to achieve the maximum
efficiency, by optimising the aerodynamic, structural and propulsive performance. To reduce emis-
sions, the interest of propeller aircraft has increased because of its higher propulsive efficiency. It
is expected that in the near future advanced turbo-props will be developed with higher propulsive
efficiency than turbofans while operated at the same Mach numbers. Therefore, there is a renewed
interest in turbo-props and prop-fans. The propeller slipstream of these engines has an effect on the
longitudinal, lateral and directional stability, control, and trim of the aircraft. This research focuses
on the effects of the propeller slipstream on the directional stability of the aircraft.

Current conceptual design of the vertical tail is mainly based on semi-empirical relations, of which
the Data Compendium (US Air Force) DATCOM method is used the most frequently. This method
is based on windtunnel measurements of aircraft models, mostly fighter aircraft, with different ge-
ometries compared to current turbo-prop aircraft. The effectiveness of the installed vertical tail is
strongly affected by the aircraft configuration because of the interference effects of the wing, fuse-
lage and horizontal tail. Additionally it was found that only a few semi-empirical relations are avail-
able in open literature to account for the effect of the propeller slipstream on the directional stability.
Although in literature it was found that the propeller slipstream has a significant influence on the
directional stability, especially in One Engine Inoperative (OEI) conditions. Therefore there is the
need for an analysis tool which is able to predict the directional stability derivatives of the aircraft
under the influence of a propeller slipstream within a short computational time such that it can be
used in the conceptual design phase.

The objective of this research is to analyse and identify the effects of the propeller slipstream on
the aircraft directional stability derivatives for different aircraft and empennage configurations by
expanding and using a potential flow model, to improve the vertical tail design in the conceptual
design phase. A potential flow model previously developed within the Flight Performance and
Propulsion group has been retrieved, validated and expanded to be able to simulate different air-
craft and empennage configurations under various conditions. The expansion to the model has
been made especially concerning the modelling of different geometries and configurations. This
has been achieved by expanding the wing, fuselage and empennage model.

Because the propeller slipstream effects on the vertical tail are largely dependent on the lift distribu-
tion over the wing-fuselage combination under influence of the propeller slipstream, first an exten-
sive verification and validation has been performed on the spanwise lift coefficient. Validation of
the model, has shown that the model can predict the spanwise lift coefficient of the wing-fuselage-
propeller combination with sufficient accuracy for the conceptual design phase. Here it was found
that the accuracy of the model decreases when the angle of attack increases, the lift coefficient cre-
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ated by the wing behind the down-going blade was found to be over-estimated.

The aircraft model used for the research has been based on typical turboprop dimensions and pa-
rameters. This has been done to focus the analysis of the model on turbo-prop aircraft in compari-
son to the semi-empirical methods. From the sensitivity analysis the minimum amount of panels is
determined where convergence of the results is achieved. Since the computational time increases
significantly with the amount of panels in flow direction, the amount is kept to a minimum of 75
panels. The computational time for the model without the propeller installed is =25 seconds and
with one propeller installed =50 seconds.

First an extensive parametric analysis and validation have been made without the propeller slip-
stream present. The parametric analysis consists of first analysing the isolated vertical tail and
adding the fuselage, wing and horizontal tail to analyse the interference effects on the vertical tail.
This first step in analysing the directional stability using the potential flow model is very important:
first because it shows the potential flow model is able to predict the directional stability derivatives
for different aircraft configurations and secondly because it’s a baseline which later the influence of
propeller slipstream effects can be compared with. From this analysis it was found that the model
shows good comparison for the isolated vertical tail and to the correction curves for the different
interference effects with the results obtained by Della Vecchia using a RANS solver. It was found
that for all three interference effects, the fuselage, the wing, and the horizontal tail have a signifi-
cant influence on the vertical tail effectiveness. For the analysis of the two example aircraft, Fokker
50 and an ATR 42, the difference of the prediction of the side force coefficient of the vertical tail un-
der a sideslip angle between the DATCOM method and the model were found to be significant (up
to 11%) and smaller but still significant with the Vertical Tail Design Stability and Control (VeDSC)
method (7-8%).

After the extensive analysis and validation of the results without the propeller slipstream, in the
second part of the results the influence of the propeller slipstream on the directional stability is
analysed using the potential flow model. The same parametric approach has been used as for the
condition no propeller was installed, making it possible to study the effects of the propeller slip-
stream. Depending on the aircraft configuration and conditions significant effects were found on
the interference effects, especially for the propeller and wing location. When evaluating the com-
plete aircraft configuration the side force created by the vertical tail under a sideslip angle (Cy, )
increases with 5 to 7 % under the influence of the propeller slipstream. When evaluating the yawing
moment coefficient of the two example aircraft, the Fokker 50 and the ATR 42, at zero degree angle
of sideslip the influence of the rotation direction of the propeller is very clear. The inboard up ro-
tating propeller generates a yawing moment which is 26 to 28% larger compared to the outboard up
rotating propeller generating the same thrust.

Concluding, the potential flow model shows promising results to operate in a conceptual design
tool to improve the conceptual vertical tail design. Contrary to the current design process where
semi-empirical relations are used and the propeller slipstream is neglected, the model allows for
calculation of the forces and moments of the various parts of the aircraft under influence of the
propeller slipstream. The potential flow model however is limited to calculate the forces and mo-
ments for small angles since viscous effects are not taken into account, limiting the functionality
of the model. Additionally is recommended to perform an extensive validation of the results under
influence of the propeller slipstream before implementing the model into a conceptual design tool.
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INTRODUCTION

1.1. MOTIVATION AND PROBLEM STATEMENT

Recent rise in aircraft operating costs and increased awareness of environmental importance have
raised the interest of finding solutions to operate aircraft with less emissions and lower cost. Part of
these solutions can be found in the aircraft design. Innovations made within the design of aircraft
can have drastic effects on the fuel consumption.

Regarding the aircraft design, the design of an aircraft is strongly linked with the propulsion sys-
tem it is provided with. The aircraft design is adapted in combination with the propulsion system
to achieve the maximum efficiency, by optimising the aerodynamic, structural and propulsive per-
formance.

To reduce emissions, the interest of propeller aircraft has increased because of its higher propulsive
efficiency. It is expected that in the near future advanced turbo-props will be developed with higher
propulsive efficiency than turbofans while operated at the same Mach numbers [1]. Therefore, there
isarenewed interest in turbo-props and prop-fans [2]. The propeller slipstream of these engines has
an effect on the longitudinal, lateral and directional stability, control, and trim of the aircraft.

100

advanced turboprops
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85 - /

80 /
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60 + N
35 T High Bypass Turbofan
50 .‘ 3 t
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Cruise Mach number

Installed propulsive efficiency

Figure 1.1: Aircraft engine efficiency comparison for different kind of engine types as a function of Mach number [3]

Most conceptual design techniques for vertical tail design are still based on semi-empirical rela-
tions, where the United States Air Force Data Compendium (DATCOM) is used the most frequently
[4]. These semi-empirical relations are derived from windtunnel measurements by the National Ad-
visory Committee of Aeronautics (NACA), who performed windtunnel measurement from the 30’s
to the 50’s [5]. These measurements were performed on aircraft configurations and geometries dif-
ferent from current turbo-prop aircraft geometries, making these methods outdated and giving a
preliminary design estimation which does not necessarily match the turbo-prop aircraft. Lots of
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geometries were tested, i.e. rectangular, elliptical and swept wings, symmetrical and unsymmet-
rical airfoils, slender bodies with rounded or sharp edges, tails of different aspect ratio and size
[6]1(7118][9][10]. Performed tests dealt with geometries quite different from the actual transport air-
craft, being more similar to World War Il fighter aircraft [11][12]. In fact most of the work of the NACA
was pushed by war and the aim of the early tests was to gain a certain knowledge on the physics of
the problem of directional stability and control.

The traditional use of these semi-empirical relations in the preliminary design of multi-engine pro-
peller aircraft has resulted in considerable safety factors and possible over-dimensioning of the ver-
tical tail, due to limited understanding of the effects driving the design.[13] This over-dimensioning
leads to an increase of drag and weight of the aircraft, which decreases its efficiency and increases
operating costs. Improving the vertical tail design can, however, only be done while keeping safety
of the aircraft in mind. For this reason, more knowledge is required of the effects of the propeller
slipstream on the vertical tail and how the tail sizing process can be improved by including these
effects.

The vertical tail design is driven amongst others by the critical condition of one engine inoperative
in take-off conditions, where the high power setting has a significant influence on directional stabil-
ity and control. This has already been addressed by Raymer[14]: "Wing mounting of engines intro-
duces engine-out controllability problems that force an increase in the size of the rudder and ver-
tical tail." and Torenbeek[15]: "The yawing and rolling moments induced by engine failure present
control problems and downgrade the flight performance, in particular when the engine fails in the
takeoff." For this reason the focus will be especially on the directional stability derivatives in the One
Engine Inoperative (OEI) condition.

The function of the vertical tail is to provide directional stability to the aircraft. This is done by gen-
erating a restoring moment when a perturbation of a stable condition occurs. The vertical tail is a
lifting surface, like a wing, generating lift under a sideslip angle. The lift generated, a side force with
respect to the aircraft, is dependent on the shape of the vertical tail itself. Additionally the vertical
tail is strongly dependent on the aircraft configuration since the interference effects of other aircraft
components (wing, fuselage and horizontal tail) have a strong influence on the effectiveness of the
vertical tail and the flow it experiences [5][14].

When analysing the currently most used turbo-prop aircraft, it can be noticed they consist of
different wing and empennage configurations. While most turbo-prop aircraft use a high wing con-
figuration, because of the ground-clearance of the propeller [14], also low wing turbo-prop aircraft
are being manufactured. The empennage configurations differ also widely: most high wing air-
craft use a T-tail configuration, to clear the horizontal tail out of the propeller-wing wake but also
turbo-prop aircraft have been made with a conventional tail (Fokker 50). Finally the vertical tail it-
self has different aspect, taper ratios and can consist of a dorsal fin. Examples of four widely used
turbo-propeller aircraft are given in Figure 1.2. From the figure it can be seen that the aircraft vary
in configuration and especially the empennage configuration. Because the propeller is mounted in
front of the wing, in close vicinity of the fuselage the propeller slipstream affects the interference
effects, changing the spanwise pressure distribution and the sidewash at the vertical tail.
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) (d)

Figure 1.2: Four common used turbo-prop aircraft in civil aviation: (a) ATR 72, (b) Fokker 50, (c) Fairchild Swearingen
Metroliner, (d) Bombardier Dash 8

Extreme flight conditions often set severe design requirements for tail surfaces. Examples for this
are minimum control speed with One Engine Inoperative (OEI) or maximum cross-wind aircraft
capability: stability and control must be ensured even for very large angles of sideslip, up to 25 de-
gree. These requirements are stated by the Federal Aviation Authorities (FAA) and by the European
Aviation Safety Agency (EASA). These requirements are crucial for all twin-engine commuter air-
craft because all the ground performance are strictly related to the minimum control speed (Vj,.)
which mainly depends from the engine failure speed (Vg,), clearly related to vertical tail design. As
a matter of fact CS-25 of the aircraft regulations relates the certification speeds to the Vjy,... Finally
a performance improvement also means the commercial success of an aircraft, given the capability
to be more competitive in several scenarios respect to competitors.

One of the major problems found during the literature study was that most models concentrated
on the correct modelling of the propeller forces and moments, assuming an undisturbed propeller
slipstream behind the propeller, [16] [17] [18]. Other models that include the wing, neglect the slip-
stream deformation and swirl recovery due to the wing or the rotation of the slipstream completely
[19], [20]. Others have incorporated the propeller slipstream with the wing and include the rota-
tional effects [21], using a lifting line approach to estimate the propeller/wing interaction. It is in-
teresting to have a simple method to estimate the lift over the wing however the position of the
slipstream and the shape and strength at the empennage are not known.

Possible of the shelf solutions e.g. Tornado, a Vortex Lattice Method for linear aerodynamic
wing design applications in conceptual aircraft design or in aeronautical education, don'’t allow for
the modelling of the propeller and focus on the wing and fuselage lift distribution. The same was
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found for VSAERO, the tool now used extensively within the aerospace department. VSAERO cou-
ples integral methods of potential and boundary layer flows for low runtimes. Again because of the
lack of the possibility to model the propeller-wing interaction and because the program has a non-
modular structure, it was no option to use within this research project.

The main problem regarding this research and the reasons why semi-empirical methods are still
widely used in the preliminary design phase is the following: the combination of the fuselage wing
and propeller create a very complex flow structure which is difficult to predict accurately with a nu-
merical model [3]. The fuselage and propeller influence the lift distribution over the wing and at the
same time the wing influences the flow with respect to the propeller and fuselage. Secondly, a com-
plex vortex field is created behind the wing, consisting of the vortex field created by the wing, pro-
peller and fuselage. Thirdly there is the requirement that the computational time has to be low for
a conceptual design tool. The analysis of the directional stability derivatives is only a small piece of
information in the complex process of designing a complete aircraft. Therefore the analysis should
be quick and have to provide sufficient accuracy within a short time limit, leaving higher order CFD
analysis out of the options.

These three requirements are therefore creating a contradiction: on one hand a complex flow

structure has to be modelled, requiring extensive computational power and on the other hand this
has to be done within a limited computational time. This contradiction also created a challenge
during this research, being able to link a complex aerodynamic analysis to the conceptual vertical
tail design of a propeller aircraft.
In the recent past renewed research has been performed within the Flight Performance and Propul-
sion group at Delft University of Technology. The modelling is be based on a potential model de-
veloped by A. van Nispen which is later expanded by M. Schroijen [22] [23]. The model allows to
calculate the propeller slipstream effects on the lift and drag distribution over the wing and fuse-
lage. Additionally the tool can predict the vortex field created by the wing, fuselage and the pro-
peller. Finally it allows for calculation of the forces and moments working on the fuselage, wing and
the vertical tail. In this research this model is again being put operational by creating a Matlab pro-
gram. The model was validated and accurate results where found, proving the model could be used
for simulations. Its modular code, build up with different Matlab function files, allows for expansion
of the program. Therefore it was adapted to use and expanded within this project.

Summarising the problem statement and motivation for this research:

1. Vertical tail design in the conceptual design phase is based on semi-empirical relations based
on windtunnel measurements with aircraft geometries different from turbo-prop configura-
tions and geometry parameters.

2. The generated sideforce of the vertical tail under a sideslip angle is strongly affected by the
configuration of the aircraft, due to the interference effects of the wing, fuselage and horizon-
tal tail.

3. The propeller slipstream has a significant effect on the directional stability of the aircraft es-
pecially in OEI conditions.

4. Slipstream effects are not or barely taken into account in the conceptual design phase only a
few semi-empirical relations obtained by Mannée are currently available in open literature.

5. No low-fidelity analysis tools are available in open literature predicting the slipstream effects
on the aircraft directional stability due to the complexity of the flow field.
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Leading to the main research question:

Can a potential flow model be used to improve the vertical tail design in the conceptual design phase
by predicting the directional stability derivatives for various propeller aircraft configurations under
the influence of a propeller slipstream?

This main research question is decomposed in the following sub-questions:

Can a potential flow model accurately predict the sideforce coefficient of the vertical tail for various
aircraft configurations and conditions (without the effects of the propeller slipstream)?

Can a potential flow model be used to analyse how the propeller slipstream influences the sideforce
coefficient of the isolated vertical tail and the interference effects created by the fuselage, wing and
horizontal tail on the vertical tail?

Can a potential flow model be used to analyse how the propeller slipstream affects the aircraft direc-
tional stability derivatives for various aircraft configurations and conditions?

1.2. RESEARCH OBJECTIVE

Being able to predict the effects and therefore have an accurate analysis of the vertical tail effective-
ness under the influence of the propeller slipstream will be a first step for a more efficient vertical
tail design for propeller aircraft in the conceptual design phase. To improve the vertical tail design
for propeller aircraft in the conceptual design phase the objective for this research is:

To analyse and identify the effects of the propeller slipstream on the aircraft directional stability
derivatives for different aircraft and empennage configurations by expanding and using a potential
flow model.

This objective may be decomposed into several goals which are to be fulfilled throughout the re-
search:

1. To verify and validate the sideforce coefficient of the isolated vertical tail under a side slip
angle predicted by the potential flow model and the interference effects of the fuselage, wing
and horizontal tail on the vertical tail effectiveness.

2. To verify and validate the side force coefficient of the vertical tail under a side slip angle pre-
dicted by the potential flow model for different aircraft configurations and conditions without
the propeller slipstream effects.

3. To analyse and identify how the propeller slipstream affects the aircraft directional stability
derivatives by assessing the propeller slipstream effects on the isolated vertical tail and on the
interference effects on the installed vertical tail .

4. To analyse how the propeller slipstream affects the directional stability derivatives for various
complete aircraft configurations and conditions.

1.3. RESEARCH SCOPE
To evaluate how the propeller slipstream affects the directional stability of the aircraft for various
configurations, a parametric approach has been used for this research. First the sidefoce coefficient
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of the vertical tail is evaluated without the propeller slipstream effects. To be able to verify and val-
idate the potential flow model, the isolated vertical tail and the aerodynamic interference effects of
the fuselage, wing and horizontal tail on the vertical tail will be individually evaluated. The impor-
tance of this analysis is twofold: first it shows the potential flow can accurately predict the sideforce
of the isolated vertical tail and the interference effects of the different components and therefore it
can accurately predict the sidefoce and yawing moment of the installed vertical tail. This function-
ality would already be an improvement to the current design process: the model allows to accurately
predict the directional stability derivatives of the actual aircraft geometry where the semi-empirical
relations use an approximation of the geometry. Secondly this analysis is important to have a ref-
erence, to study how the propeller slipstream affects the directional stability and the vertical tail
effectiveness. The results of this step will be validated using the measurements of Della Vecchia
who used a RANS solver.

To evaluate how the propeller slipstream influences the side force coefficient of the vertical tail
and the yawing moment of the aircraft the same parametric approach is used. Doing so it can
be specifically assessed what parameters and configurations are influenced by the propeller slip-
stream. Finally the propeller slipstream effects on the complete aircraft configuration are analysed.
To simulate the One Engine Inoperative (OEI) conditions, only one propeller was installed on the
aircraft at high trust setting. This is the critical condition that will drive the vertical tail design and
is also the condition where the propeller slipstream effects are the most prominent because of the
low speed and the high thrust coefficient.

Three effects influencing the vertical tail design were left out of scope for this research: because the
model is only able to simulate inviscid flow it is not possible to simulate viscous effects. For this
reason it is not possible to determine the aircraft maximum sideslip angle which is critical in the
design [15].

Next, the effect of flaps is left out of scope. In the past a lot of effort was put to model the flaps
however it was found the results were to inaccurate to use for the simulations. It is known from
literature that the flaps can have a significant influence on the vortex field and the sidewash created
at the vertical tail [24]. Finally the rudder is not modelled, which has a significant influence on the
vertical tail design. The rudder, which function it is to provide the aircraft with directional control is
not modelled, leaving the rudder effectiveness outside the scope of this research. The rudder design
focuses on conditions where a large rudder deflection is required, creating viscous effects which can
not be modelled accurately using a potential flow model.

1.4. REPORT OUTLINE
The report will first consist of an extensive overview of the background information regarding ver-
tical tail design, its function, the requirements and current design methods, elaborated in Chapter
2. Chapter 3 will give an extensive elaboration of the propeller effects on the wing and vertical tail.
How the propeller slipstream is formed and how it is affected by different parts of the aircraft.

Chapter 4 will present the model used for this research. An concise overview of the modelling
techniques will be presented together with the expansion of the model. Chapter 5 will present the
validation and a sensitivity analysis of the model to determine the amount of panels needed for the
various parts of the aircraft. Chapter 6 gives an overview of the aircraft model used and of the con-
figurations and conditions it is used for. The parametric analysis used for the obtain the results is
explained.

Chapter 7 and 8 present the results and discussion of the parametric analysis. The results ob-
tained without the propeller installed are presented in chapter 7 and with the propeller installed are
presented in chapter 8. Finally the conclusion and recommendations are given in Chapter 9
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CONCEPTUAL VERTICAL TAIL DESIGN

How is the vertical tail currently designed in the conceptual design phase and why? This will be
elaborated upon in this chapter, in order to understand the short comings of the current design
process for propeller aircraft. First the functions and driving requirements of the vertical tail will be
discussed. Next the current conceptual design process of the vertical tail will discussed. Secondly
the DATCOM method and the VeDSC method will be elaborated. The DATCOM and the VeDSC
method will be applied to a Fokker 50 and ATR 42 aircraft to obtain the directional stability deriva-
tives which will be later be used in the results section for comparison with the results of the potential
flow model. Finally the current vertical tail design tool in the Initiator of the Flight Performance and
Propulsion group will be discussed.

2.1. BACKGROUND VERTICAL TAIL DESIGN

The vertical tail is designed to give the aircraft lateral-directional static and dynamic stability and
control and trim during all flight conditions. Vertical tail is a symmetric profile which is designed
to create a restoring moment under a sideslip or a yawing moment when a rudder input is given.
Rudder trim is used in one engine inoperative conditions to trim the aircraft for the new asymmet-
rical condition. The rudder design is directly related to the design of the vertical tail since it limits
the height of the rudder. Maximum rudder input is required for cross wind landings, one engine
inoperative conditions at low speeds and spin recovery. The size and the type of rudder as well as
the type of vertical tail define its effectiveness.

The requirements for vertical tail design are: [14][15][25]

* Provide sufficient static and dynamic directional stability: Provide a force sufficient to balance
the total tail-off forces

e Tail plane should not stall at high angles of attack
Requirements for the rudder are:

» To provide sufficient directional control capability, up to high sideslip and rudder deflection
angles. According to the European Aviation Safety Agency (EASA) CS-25, the aircraft must be
able to [26]:

- Keep heading and manoeuvre in one engine inoperative conditions. The minimum control
speed in flight, V};,, should not exceed 1.2 times the stall speed of the aircraft, V;. The nec-
essary rudder deflection should not exceed 25 degrees so that additional rudder deflection is
possible to allow for manoeuvring.

- Perform crosswind landings up to 30 knots or 55 km/h.

* Provide a means for achieving a steady state equilibrium (trim).
* Provide a means of counteract for disturbances, e.g. gusts.

¢ To have low control forces.
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2.1.1. VERTICAL TAIL DESIGN PROPELLER AIRCRAFT

The only semi-empirical relations currently available in open literature regarding the influence of
propeller slipstream effect, are based on the findings of J]. Mannée in the Aeronautical conference
of 1962 [24]. In this technical report he describes his findings for multi-engine propeller aircraft
with one engine inoperative and the influence on the yawing moment of the aircraft. It is found
that for propeller aircraft as compared to jet aircraft the rudder has to be a factor 'k’ larger for the
same configuration and thrust level. This factor k is dependent on empirical relations and changes
with configuration changes of the vertical position of the wing and position of the engines. For
the various design methods this factor k is however not mathematically explained but derived from
empirical test conducted for various configurations. For a propeller aircraft the yawing moment N
created is a factor k larger:

N=k-Tdy 2.1)

Where dy is the distance between the propeller axis and the fuselage centre line. the k factor is in-
trocuced to take into account the propeller slisptream effects. Mannée explains this k factor in his
report: 'the propeller in front of a wing creates locally an increase in dynamic pressure over the wing
which causes an increase in lift. Additionally the propeller changes the angle of attack at the leading
edge of the wing, causes it to give increase in angle of attack and lift at up-going blade and decrease
in angle of attack and lift in down-going blade. These trailing edge vortices create a strong sidewash
at the vertical tail. This will be elaborated upon in detail in chapter 3. Further it is described that
the k factor is not only dependent on the rotation of the blades but also on the position of the wings
and the flap setting of the aircraft. The flaps have a large influence since, the lift and therefore the
vortex created is much stronger, increasing the sidewash at the tail.

Figure 2.1: One engine inoperative conditions for a propeller aircraft including the basic forces and moments

For a propeller aircraft with one engine inoperative in take off conditions this effect is the largest,
a high thrust thrust is selected with a low aircraft speed leading to a high thrust coefficient, and
flaps for take-off are selected. During this situation the aircraft must a least be able to maintain
its V¢, which is the minimum in flight control speed also called blue line speed (indicated by a
blue line on the airspeed indicator). Due to regulations this speed can not exceed 1.2 times the stall
speed of the aircraft V; [26]. In figure 2.1 an one engine inoperative situation is given to illustrate
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the different forces and moments created. The force created by the rudder deflection must be of
sufficient strength to balance the moment created by the thrust of the operating engine and the
drag created by the failed engine.

2.2. SEMI-EMPIRICAL METHODS - DATCOM

From the ’30s to the ’50s the US National Advisory Committee for Aeronautics (NACA) provided a
significant amount of results on the directional stability on isolated vertical tail planes, partial and
complete aircraft configurations obtained through many hours of wind-tunnel tests. These results
were summed up in a new design procedure reported and described in the United States Air Force
Data Compendium (USAF DATCOM) by Finck [5].

The investigations were focused on the attempt to separate the effects of fuselage, wing and hori-
zontal tail from the isolated vertical tail. Lots of geometries were tested, from the early years to the
’50s, i.e. rectangular, elliptical and swept wings, symmetrical and unsymmetrical airfoils, slender
bodies with rounded or sharp edges, tails of different aspect ratio and size [8][7]. Performed tests
dealt with geometries quite different from the actual transport aircraft, being more similar to World
War II fighter aircraft. In fact most of the work of the NACA was pushed by war and the aim of the
early tests was to gain a certain knowledge on the physics of the problem of directional stability and
control and on the mutual interference among aircraft components. Later tests aimed to improve
stability and manoeuvrability of high speed combat aircraft [6][7][8][9].

2.2.1. DATCOM METHOD

The USAF Stability and Control DATCOM was compiled between 1960 and 1978 by the McDon-
nell Douglas Corporation in conjunction with the engineers at the Flight Dynamics Laboratory at
Wright-Patterson Air Force Base. It is a collection, correlation, and recording of knowledge, opinion,
and judgement in the area of aerodynamic stability and control prediction methods. DATCOM pro-
vides methods for estimating basic stability and control derivatives for most flight conditions and
configurations and in many cases can be used in conjunction with test data.

USAF DATCOM method is valid for low speed (subsonic) in cruise configuration (low angle of attack,
low angle of sideslip) and does not account for flaps or engine effects. It uses the basic equation for
a lift curve slope for tapered wing and then use different correction factors [5].

In the DATCOM method the sideforce derivative due to sideslip Cy,, is effected by three interference
effects on the lift curve slope: body-vertical tail (due presence of the fuselage at the root of the
vertical tail it causes an end plate effect), horizontal tail surface interference and the wing-body
wake and side-wash effect. The first two effects affect the effective aspect ratio of the vertical tail
that has to be included in the lift curve equation, Equation 2.3. The wing-body wake and side-wash
effect are directly incorporated in the side force coefficient as Z—%ny. The interference effects are
further explained in Section 2.2.2. .

_ do SV
Cyﬁy = —kyCLw 1+ d_ﬁ T]y? (2.2)
Where Z—% is the sidewash and wing body wake-effect created by the wing and fuselage of the aircraft

on the vertical tail which causes a deviation of the inflow at the vertical tail. The ratio %‘” is the ratio
between the surface area of the vertical tail and the surface of the wing.
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The basic equation is the definition of the lift curve slope for tapered wings proposed by Diederich
[27] presented in equation 2.3.

L .
a 2 1/2
2 [BZA2 (1 tan é/\c/z) +4]

Where A is the aspect ratio of the vertical tail. B is the Prandtl Glauert compressibility correction fac-
tor which is equal to B = V1 — M?. The parameter 7) is the section lift-curve slope of the theoretical
thin-section value which is equal to C;, /(27/B). The corrected aspect ratio has to be used to found
using equation 2.4.

/.

Avyy =4

A
1+KVH(AV‘”) —1)] (2.4)

A
Here A—V‘f is the ratio of the vertical tail aspect ratio in the presence of the fuselage to that of an

isolated vertical tail.
Ay, 1)

Ay is the is the ratio of the vertical tail aspect ratio in the presence of the horizontal tail and the

fuselage to that of the fuselage alone.

The parameter Ky accounts for the position of the horizontal tail. When the horizontal tail is
present at a relatively high or low position with respect to the vertical tail, this increases the effec-
tiveness of the vertical tail. This is called the endplate effect of the horizontal tail on the vertical
tail lift curve slope. The endplate effect is larger (20%) in the case the horizontal tail is placed as a
T-tail.[5]

Further elaboration of the effects of the fuselage, the wing position and the position of the horizontal
tail can be found in Section 2.2.2.

2.2.2. AIRCRAFT INTERFERENCE EFFECTS ON VERTICAL TAIL

The effects taken into account in the DATCOM method, the fuselage, wing and horizontal tail inter-
ference effect on the vertical tail effectiveness will be further elaborated upon in this section. The
explanation here of the different effects will also be used later on to explain the found results and
the correction curves will be compared to those found using the potential flow model.

FUSELAGE EFFECT

The presence of the fuselage has two effects on the vertical tail. Firstly, the presence of the fuselage
causes and end-plate effect on the installed vertical tail. The flow at the bottom side of the vertical
tail is prevented at a side slip angle to flow from the higher pressure side to the lower pressure side.
Increasing the effective aspect ratio of the vertical tail included in Equation 2.4.

Next the fuselage causes an increase in sidewash at the vertical tail as shown in figure 2.2. The
sidewash increases from a component Vsin(f) to Vsin(f—o). The flow around an isolated fuselage
can be presented schematically as in figure 2.3. A positive angle of sideslip causes a negative induced
sidewash, or (Z—% < 0). [28]. The sidewash effect of the fuselage is included in Equation 2.2 as Z—%nv.



SECTION 2.2. SEMI-EMPIRICAL METHODS - DATCOM

B (=0)
V cosfg
V sing
g—a ~
T o (=0)
V cosf
Vsin (8 —a) . . Vsin(f—a)
= —//"\X\r—-_:
_ U - V sinfg
e—

Figure 2.2: Flow around the isolated fuselage under a Figure 2.3: Increase in sidewash at the vertical tail due to
sideslip angle § [28]

the presence of the fuslage [28]
The correction factor obtained by Obert for the fuselage interference effect, used in the DATCOM

method is presented in Figure 2.4. The complete document is added in Appendix A, together with
the parameters used in the experiment.
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Figure 2.4: Fuselage interference effect on vertical tail updated by Obert [29]

In the figure the fuselage correction factor is plotted in function of the local thickness of the fuselage
at the aerodynamic centre of mean aerodynamic chord of the vertical tail (see Appendix A for a
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sketch). The fuselage interference effect decreases as the fuselage becomes more slender. The local
sidewash created decreases and therefore the correction factor decreases. This interference effect is
later compared with the results in Section 7.2.

WING EFFECT

The wing fuselage combination has a significant effect on the vertical tail. When the fuselage-wing
combination is set under a sideslip angle the position of the wing affects the lift and downwash
distribution. Important for the way in which the lift distribution varies with angle of sideslip is the
vertical position of the wing relative to the fuselage, see figure 2.5. The forward semi-wing of a low
wing aircraft experiences a decrease in angle of attack due to sideslip. This produces a decrease in
lift whereas the receding semi-wing experiences an increase in angle of attack and thus an increase
in lift, due to the presence of the fuselage. For the low wing configuration the exact opposite hap-
pens.

The downwash pattern is displaced laterally along with the main flow, over an angle § with the X-
axis, see figure 2.6. The main effect, however, is a circulation about the fuselage. If a low wing aircraft
sideslips to the right, the circulation is counter-clockwise, figure 2.7. This circulation generates at
the vertical tailplane a negative sidewash. This induced cross-flow is stabilising, generating an extra
force to stabilise the aircraft. For a high wing aircraft in sideslip to the right, the sidewash is positive,
the influence of the wing fuselage interaction is thus seen to be destabilising. The sidewash effect is
included in the Z—%n v in Equation 2.2.

Figure 2.5: Change in lift and downwash distribution behind the wing and the fuselage due to a sideslip [28]
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Figure 2.7: The effect of wing fuselage interaction on the

Figure 2.6: Change in lift distribution causes a shift in sidewash at the vertical tailplane of a low-wing aircraft
downwash for a low wing aircraft in side-slipping flight in sideslipping flight, increasing the effectiveness for a
[28] low-wing aircraft [28]

The correction factor for the wing interference effect obtained by Obert is presented in Figure 2.8,
the complete document can be found in Appendix A. The correction factor is linear and equal in
magnitude for the high and low wing. This correction curve will be later used for comparison be-
tween the DATCOM method and the results obtained.
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Figure 2.8: Corection curve for the wing effect obtained by Obert [29]

H-TAIL EFFECT

In the past, extensive research has been done regarding the end-plate effect of the horizontal tail
on the vertical tail. The horizontal tail at the root or tip of the vertical tail works as an end-plate,
obstructing the flow going from the higher pressure side to the lower pressure side and in doing so
increasing the effective aspect ratio of the vertical tail [30] [5] [25].

The end-plate effect of the h-tail is significant, increasing the v-tail effectiveness at the root with
approximately 10% depending on ratio of the horizontal tail surface to the vertical tail surface(%)
and up to 40% when the horizontal tail is installed as t-tail (at the tip of the v-tail). This can be seen
in figure 2.9 where K, is the parameter as used before in the DATCOM method, to describe the
factor of increase in effectiveness and zh/bv is the location of the horizontal tail.
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Figure 2.9: The interference effect of the horizontal tail on the vertical tail (Ky g)

In literature it was also found that the endplate effect changes with the horizontal position of the
h-tail compared to the leading edge of the V-tail.

It was found that when the horizon tail was located near the base of the vertical tail, the end-plate
effect was increased by moving the horizontal tail rearward [31].

2.2.3. APPLICATION OF DATCOM TO TURBOPROP AIRCRAFT

In order to compare, in the results of this research, two typical turboprop aircraft are analysed both
by the DATCOM method. The ATR 42 and the Fokker 50 aircraft are taken as an example, for both
aircraft the geometrical properties are analysed and the sideforce coefficient is calculated. Both
aircraft can be seen in Figure 2.10 and Figure 2.11. For the Fokker 50 the vertical tail is assumed
without the dorsal fin. Both aircraft have similar aircraft configuration properties: both have a high
wing configuration and a comparable fuselage slenderness ratio. However the Fokker has a hori-
zontal tail positioned at the bottom of the vertical tail while the ATR has a horizontal tail almost at
the top of the vertical tail (T-tail configuration).

Figure 2.11: Fokker 50 dimensions

Figure 2.10: ATR 42 Dimensions
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Aircraft ARy [-] Ay [°]
ATR 42 1.6 23
F50 1.4 4

Table 2.1: Parameters influencing the Cy ,, curve of the vertical tail

In table 2.2 the tail derivatives can be found for the respective aircraft using the equations described
above. Calculations are made for a low mach number, leading to a value of B(compressibility cor-
rection factor)=1. The lower aspect ratio of the Fokker in combination with the smaller sweep angle
gives a lower Cr,,. For the Cy,, the lower position of the horizontal tail in combination with the
lower lift curve slope leads to a lower value of the derivative. The calculated values can be seen in
table 2.2.

Aircraft  Cp,, [rad]  Cyy, [-]
ATR 42 2.243 0.669
F50 2.105 0.614

Table 2.2: Stability derivatives of the V-tail calculated using DATCOM method

2.3. VEDSC METHOD

In the recent past (2014) a new design method proposal, for conceptual vertical tail design has been
made by Della Vecchia, in the Dept. of Industrial Engineering - University of Naples [32]. This new
design method VeDSC, Vertical tail Design Stability and Control, is based on CFD analysis, obtained
with more than 300 CFD Navier-Stokes analysis. Therefore it is suitable for regional turboprop and
commuter aircraft in subsonic flow regime and cruise conditions [32] [33].

Using the CFD analysis, parametric analysis of several configurations are extremely useful for
the correct estimation of aerodynamic interference among aircraft components and to highlight
some useful trends that could indicate how a specific aerodynamic characteristics are linked to air-
craft geometrical parameters. In his approach typical turboprop dimensions are used to focus the
analysis on turboprop aircraft.

Cy, = CYﬁvﬁ+CY§r5r (2.5)

The sideforce coefficient is estimated by determining three correction factors which have a interfer-
ence effect on the vertical tail.

S
, = KrKwKgCy, —= (2.6)

C
Y, w Yy

b
For Cr,, the same equation is used as proposed by Diederich which is also used for the DATCOM
method. Where KF is the correction factor for the fuselage, Ky the correction factor for the fuselage
and Ky is the correction factor for the horizontal tail. These correction factors have been deter-
mined by numerous CFD analysis determining the effects of each component on the vertical tail.
Please visit the aforementioned literature to see how the correction are obtained and effect the ver-
tical tail effectiveness.

In Table 2.3 the VeDSC method is applied for the two example aircraft for the calculation of Cy,, and
is compared with the DATCOM results obtained in Section 2.2. Since the value for Cy, is the same
for VeDSC as for DATCOM only the Cy,  is presented for both methods.
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Aircraft DATCOM VeDSC A
Cy,,[-] ATR42 0.669 0659 2%
Fokker 50 0.614 0595 3%

Table 2.3: Sideforce coefficient for the vertical tail calculated using the DATCOM and VeDSC method for the two example
aircraft, the Fokker 50 and ATR 42

The difference between both methods is relatively small (2-3 %). This difference is mainly caused
by the correction factor of the wing which is smaller for the VeDSC method for the high wing con-
figuration of the ATR 42 and the Fokker 50.

2.4. CONCEPTUAL VERTICAL TAIL DESIGN INITIATOR

The Initiator, a modular design tool for preliminary sizing and design analysis, has recently been
updated with a vertical tail sizing module designed by A.P. Hettema [34]. His goal was to develop a
rapid aerodynamic analysis method for initial vertical tail design, based on semi-empirical relations
using a optimiser to minimise the vertical tail size and weight. In his research the requirements that
drive the vertical tail design can be subdivided into four requirements in three flight conditions.

The first requirement is a positive value for the yawing moment coefficient due to sideslip in all
conditions (Cnﬁ > 0). For the cruise condition this is expanded to a goal value that should be met,
which helps guide design until a full static and dynamic analysis has been performed. In his thesis
the yawing moment coefficient, Cy, is plotted against the Mach number for several classic jet engine
and turboprop aircraft and a scattered plot is created. Next the value of Cy, is chosen based on
the design cruise mach number of the aircraft. Note that this requirement is in most conditions
not the critical requirement. Also it should be noted here that it would also be more accurate if
various scattered plots were made for jet-turbofan aircraft and for turboprop aircraft for different
conditions. Finally there is no direct relation between the yawing moment coefficient due to sideslip
and the cruise mach number of the aircraft. For this reason one could therefore argue if this is the
correct approach to estimate Cp,. An alternative for this approach would be to base the yawing
moment coefficient on the MTOW of different aircraft and make separate plots for propeller and jet
aircraft.

The second requirement in his thesis is the OEI condition at take-off. Here different drag factors are
taken for the inoperative engine depending on the engine type (prop/jet). However propeller slip-
stream effects are not taken further into account in the complete model: how the effectiveness of
the vertical tail changes under the different conditions, depending on which engine has failed. The
third requirement is landing with maximum crosswind. The fourth requirement is for the vertical
tail not to stall at the maximum sideslip angle.

In Conclusion, at this point the vertical tail design is based on statistical data and semi-empirical
relations and almost no difference is made between the design process of a jet/turbofan and a pro-
peller aircraft. The propeller slipstream effects in OEI conditions are not taken into account for the
design of the vertical tail although it is known they have significant effects on the vertical tail effec-
tiveness [25]. Updating the statistical data for propeller aircraft and include the propeller slipstream
effects would improve the vertical tail design to a more tailored vertical tail design for a regional
turbo-prop aircraft.
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PROPELLER WING AND TAIL INTERACTION

When designing a multi-engine propeller aircraft one of the important aspects is the interaction be-
tween the propeller and the wing. Especially because modern designs incorporate high wing disk
loading and increased number of propeller blades, this is to increase the cruise speed while keeping
the noise production at a low level. This chapter will be elaborate upon the propeller characteristics
and how the propeller influences the aerodynamics of the aircraft. A typical example of modern
multi-engine high transonic propeller aircraft, the Airbus A400m, is given in figure 3.1.

Figure 3.1: Typical modern multi-engine propeller aircraft - Airbus A400M

Analysing the effects of the propeller, two major different aspects can be noticed. First, the high
disk loading leads to high forces and moments on the propeller. These moments can lead to sig-
nificant effects on the aircraft lateral, longitudinal and directional stability and control. Next to the
moments, the propeller slipstream with high kinetic energy influences other parts of the aircraft, es-
pecially the effectiveness of the horizontal and vertical tail. This influences again the longitudinal,
directional and lateral stability of the aircraft.

The high swirl velocities in the slipstream of the propeller, which follow from the high disk loading,
will generate a large deformation on the lift distribution over the wing, which influences the aerody-
namic behaviour and performance of the wing. Additionally, the high speed slipstream can lead to
adverse effects in transonic operating speeds. Compressibility effects between the slipstream and
other aircraft parts can negatively affect the aircraft aerodynamic performance.

These effects largely influence the aircraft design. For this reason, this chapter focuses on the effects
of the propeller slipstream on the wing lift distribution and the directional stability of the aircraft.
When a propeller configuration is chosen with the resulting propeller slipstream, the wing perfor-
mance and the stability and control of the aircraft needs to be optimised. Therefore a detailed anal-
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ysis of these phenomena which are closely related, is of high importance.

First the propeller forces and moments will be explained together with the main characteristics of
the propeller slipstream. Next the effect of the slipstream on the wing and the vertical tail will be
discussed.

3.1. PROPELLER FORCES AND MOMENTS

The main force created by the propeller is the thrust force, which gives the propulsion to the aircraft.
However there is also a normal force and a torque which is generated by the propeller. When the
propeller is in a non-zero angle of attack, forces and moments are generated in all three axes. The
normal force gives a contribution to the aircraft lift coefficient and has a significant influence on the
stability of the aircraft. The moments created are fairly small however for example in the case of OEI
conditions, the moments gives a contribution to the moment created by the failed engine. It can
have a significant influence when for example making a turn over the non-operative engine.

3.2. CHARACTERISTICS OF PROPELLER SLIPSTREAM FLOW

This section gives an overview of the important characteristics of the propeller slipstream, which
will be used later when the modelling will be discussed. In the following subsections the main char-
acteristics will be further explained. A simplified and often used way of representing the propeller
is to see the propeller as an advancing rotating wing creating a helical vortex system.

The vortex system produces self induced velocities and the vortex wakes tend to roll up which pro-
duces a slipstream tube with strong gradients in various flow quantities in streamwise and radial
direction.

The most important quantities that characterise the slipstream are listed below and will be dis-
cussed in the following subsections:

* Axial velocity profile
» Swirl velocity profile
* Pressure distribution
* Vorticity

* Helicity

¢ Contraction

VELOCITY PROFILE
The local velocity anywhere in the stream can be written as a vector of the forces in the 3 axes.

Uy u
V=|v,|=]v 3.1
v, w

In this notation the axial flow is the v, component of the velocity vector. Because of the chang-
ing loading over the blade and a strong gradient in spanwise direction a maximum value is found
around %R. An example of an axial flow distribution for a propeller with low disk loading is given in
figure 3.2.

Regarding the axial flow component, it increases in streamwise direction as a result of the increased
length of the vortex system at the particular reference location, see figure 3.3. This is especially
important when looking at the interaction between the propeller and the wing and designing the
distance between both.
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Figure 3.3: Propeller typical streamwise axial velocity

. . . . increment [3]
Figure 3.2: Example of axial velocity, swirl and pressure

distribution for a propeller with low disk loading [3]

3.2.1. SWIRL VELOCITY PROFILE

The tangential induced velocity is called the swirl velocity and can therefore be written as, v; =
vVu? + w?. A simplified representation of the swirl velocity profile is given in figure 3.4. It is found
that the bound vortices, attached to the propeller blades, induce no axial velocity in the slipstream.
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Figure 3.4: Axial and tangential velocities induced by propeller blade bound vortex(3]

The distribution in axial direction of the tangential velocity due to both the bound vortex system
and the free vortex system is sketched in figure 3.5. By adding the effect of both systems, we see that
the tangential velocity component is zero everywhere in front of the propeller; its value is w in the
propeller plane and becomes 2w far behind the propeller.
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Figure 3.5: Tangential velocity distribution in the axial direction [3]

The swirl angle, depends both on the axial and tangential velocity component in the slipstream. The
swirl angle is given in equation 3.2.

= tan” (——— 2
O, = tan (Voo+va) (3.2)

Looking at this equation, knowing that the axial component stays constant and the tangential does

not, the swirl angle at the location of the wing becomes dependent on the distance between the
propeller and the wing.

PRESSURE DISTRIBUTION

Both static and total pressure rise discontinuously across the propeller disk. The static pressure
reduces to its free stream value toward infinity whereas the total pressure remains constant behind
the propeller, this is sketched in figure 3.6. The small difference between the static pressure and the
total pressure rise at the location of the propeller disk can be attributed to the rotational motion.

The relation to the total pressure jump with respect to the static pressure jump in the propeller
plane is given in equation 3.3.

1
(P1)s— (Poo = Ap + Epvf (3.3)
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Figure 3.6: Pressure distribution along the wake of the propeller, increase of total pressure when crossing the wake. Static
pressure decreases gradually back to free stream pressure [3]

The increase in total pressure can therefore be seen as the jump in static pressure with a contribu-
tion due to the rotational velocity caused by the propeller. Looking at equation 3.3, the small term,
%pvf represents the kinetic energy of the rotational motion imposed to the fluid by the torque of
the propeller.

3.2.2. VORTICITY / HELICITY
Mathematically, the vorticity of a three-dimensional flow is a pseudovector field, usually denoted
by w, defined as the curl or rotational of the velocity field V describing the continuum motion.

Wy ¢
w=VxV=|w,|=|n (3.4)
Wz ¢

The vorticity gives an important insight of the rotational character of the flow. The vorticity of the
flow is dependent on the position of the blade in time and the blade loading.
Helicity is the dot product of the vorticity vector and the velocity vector.

h=0w.V=u+vn+w( (3.5)

Due to the characteristics of the dot product it is a measure for the alignment between the vorticity
vector and the velocity vector.

3.2.3. CONTRACTION

The contraction of the propeller slipstream is caused by the velocity increase induced by the pro-
peller slipstream. The reason for the contraction is to preserve the mass flow of the of the slipstream,
as the velocity is increased through the propeller disk. It is found that the contraction is only a few
percentage of the original diameter of the slipstream [35]. Only for propellers with high disk loading
the slipstream contraction effect is significant when analysing the propeller slipstream. The equa-
tion according to Theodorsen and Crigler for the contraction over a distance x can be approximated
as [36].

l1+a
R(x)=R (3.6)

1+a(1+\/R+W)

For the fully contracted slipstream, R, this equation becomes:
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1+a

It should be noted that this equation is only valid for a freely contracting slipstream. In figure 3.7 an
example is given for the contraction effect, where A is original diameter of the slipstream and B is
the contracted one.

Figure 3.7: Contraction of the propeller slipstream [3]

3.3. PROPELLER SLIPSTREAM EFFECTS ON WING

In this section the effects of the propeller installed in front of a wing will be discussed, which is the
case for most turbo-prop aircraft. As discussed eatrlier, for the un-installed propeller, the region be-
hind the propeller will be affected by the propeller slipstream which induces an increase in axial
velocity and a swirl component. Of course, the larger the propeller and the disk loading, the more
significant the effect on the wing will be.
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Figure 3.8: Effect of the propeller slipstream on the section lift coefficient for the F27, Fokker Friendship [37]

In figure 3.8 the effect of the slipstream on the wing lift distribution is given for a Fokker Friendship,
F27. It can be clearly seen from the figure that the situation for the left and the right wing is not
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identical, especially when the speed is low and therefore the thrust coefficient is high. This is due
to that the starboard propeller is turning inboard up, while the port propeller is turning outboard
up. The slipstream will also affect the flow pattern outside the slipstream and therefore affects other
parts of the wing as well.

The axial velocity increase results in an increased dynamic pressure, this will not change the local lift
and drag coefficient of the airfoil itself, but will drastically increase the local forces and moments. As
discussed in section 3.2, the axial velocity distribution along the propeller is not constant and max-
imum at %- The vertical distance plays therefore an important factor, since it depends how much
the wing is affected by the changing axial velocity profile. Also in the axis of the axial velocity the
velocity increases with distance behind the propeller, see figure 3.3, and the axial distance between
the propeller and the wing is therefore and important parameter. The effect of the axial velocity
increase by the propeller on the local lift distribution is sketched in figure 3.9. Both on the inboard
and outboard side of the propeller an increase in local lift coefficient is present.
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Figure 3.9: Effect of the axial increment of the velocity over the wing on the local lift coefficient. Left situation gives the
propeller right in front of the wing while the right gives a situation for a high propeller position [3]

The other component, the swirl component of the slipstream, results in a non symmetrical effect on
the wing lift distribution, this is sketched in figure 3.11. The up going blade will create an upwash
over the wing submerged wing and this will result in a higher effective angle of attack and therefore
a higher lift coefficient. The down going blade will have the exact opposite effect, the downwash
created will result in a lower effective angle of attack and therefore a lower local lift coefficient. For
this reason it'’s completely dependent on the direction of rotation of the propeller, this also leads to
the non symmetrical lift increase for the F27 in figure 3.8
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Figure 3.10: Effect of the axial increment of the velocity over the wing on the local lift coefficient. Left situation shows the
propeller right in front of the wing while the right shows a situation for a high propeller position [3]

Finally when now these 2 effects are combined and taking the effects outside of the propeller slip-
stream into account, the lift distribution over the wing becomes a bit more complicated. Outside
the propeller slipstream, the flow is affected by the upwash and downwash created by the propeller.
This is because of the wing inflow conditions which have changed by the propeller. The lift distribu-
tion is largely effected by the propeller and this is especially the case for high thrust coefficients. In
the case where the wing is under high wing loading the effect of the upwash creates a positive effect
on the total lift of the aircraft, while for the case of a inside down propeller it causes a decrease of
the performance of the wing.

prop on
(inboard up)

prop on
(outboard up)

Figure 3.11: Typical lift distribution over a wing affected by a tractor propeller in front of the wing. Both effect of axial

velocity increase as swirl has been included

The changed inflow over the wing causes also a change of the resultant force which is created by the
wing. The upwash will create a local increase of angle of attack over the wing, this will cause to shift
the resultant forward and create a negative drag force. This negative drag force is therefore creating
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a positive force in x-axis on the wing and can therefore seen as extra created thrust by the propeller.
In figure 3.12 this is shown for the upgoing and downgoing blade situation on the local resultant.

Figure 3.12: Effect of the propeller slipstream on the local airfoil for a infinite wing. Left the upwash situation is given,
the local increase of angle of attack causes the resultant to shift forward. Right the situation is given for the downwash,
the airfoil experiences a negative effect to local angle of attack and resultant is shifted forward again.

3.4. PROPELLER FUSELAGE-TAIL INTERFERENCE

The propeller slipstream has an effect on both the fuselage and the tail. The fuselage and tail have
an additional influence on each other due to the flow modified by the propeller slipstream. The
propeller slipstream can change the total pressure on one or both sides of the fuselage or tail when
it directly coincides with the component. The second direct effect is the modified free stream prop-
erties by the wing trailing vortex sheet. These two disturbances result in a force and moment on the
fuselage and tail separately.

The tail is placed in the influence region of the fuselage, this interference may have a significant
effect on the vertical tail force. The first effect is the modification of the flow on the tail due to the
lift-carry-over effect, resulting in a different lift distribution over the tail. The second effect is the
increase in side wash due to the blockage effect of the fuselage.

The fuselage is placed in the influence region of the vertical tail. This results in lift carry over on
the fuselage, effectively increasing the size of the tail, this effect is mentioned here as it acts on the
fuselage. The second effect is the increased side wash in front of the vertical tail due to the lift on it.
These four effects can increase the side force on the empennage considerably as they amplify each
other.

3.5. PROPELLER SLIPSTREAM EFFECTS ON VERTICAL TAIL

Now having examined the characteristics of the propeller slipstream and its effect on the wing, the
focus will be on how this slipstream will effect the vertical tail. Especially the critical case, when one
engine is inoperative, an asymmetrical situation exists on the vertical tail which affects the direc-
tional stability and control of the aircraft. First, the increased dynamic pressure at one side of the
vertical tail. In figure 3.13 the dynamic pressure distribution is given on the horizontal tail for the
Fokker F27 with 35 degrees flap setting. It becomes clear from the figure that the left engine, rotating
inboard up, creates a dynamic pressure increase closer to the vertical tail. It follows that for the case
there is one engine inoperative, that the sidewash in this situation will be larger when the inboard
up engine (port engine) is the operative engine. [37].
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Figure 3.13: Dynamic pressure distribution on the horizontal tail, inboard up engine crease a larger increase in dynamic
pressure closer to the vertical tail [37]

Secondly, and the main reason for the sideforce, is the asymmetric lift distribution created over the
wing as described in section 3.3. The swirl and the increased axial velocity cause a large amount
of additional lift at the side where the propeller blade moves upwards due to the local change in
angle of attack creating a strong trailing vortex. The large asymmetric spanwise lift distribution over
the wing fuselage combination causes a larger downwash at one side of the aircraft. This increased
downwash at one side of the fuselage causes to create a circulation around the fuselage. This circu-
lation changes the incoming flow at the vertical tail, creating a force side force.

It is found that a yawing moment of in total 1.5 times the static yawing moment is created due to the
propeller installation effects, this mainly caused because of the side wash at the vertical tail due to
the asymmetric lift distribution [38][25]. The creation of the asymmetric lift distribution for an TU
and OU propeller and the effect on the vertical tail is sketched in Figure 3.14.
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Figure 3.14: Illustration of the asymmetric lift spanwise lift distribution for a OU and IU rotating propeller and the effect
on the vertical tail [25]

The inboard up rotating propeller creates a peak in lift coefficient closer to the fuselage. This causes
the circulation created around the fuselage to be larger. For this reason the OU engine is the critical
engine: if it fails it creates the largest adverse yawing moment on the aircraft. To compensate for
this a large rudder deflection is required. If the 'inboard up’ engine fails, a much smaller rudder de-
flection is required because the crossflow caused by the slipstream of the operating engine is much
smaller. In the results section of this research in Chapter 8, the asymmetric lift distribution and the
forces on the vertical tail will be analysed using the potential flow model.






4

PROPELLER SLIPSTREAM AND TAIL
INTERFERENCE MODEL

The modelling of the propeller slipstream and the aerodynamic modelling of the wing, fuselage
and empennage will be elaborated in this chapter. The potential flow model, previously developed
by Rauhut, van Nispen and Schroijen is expanded to evaluate the directional stability derivatives
of different aircraft and empennage configurations. Vertical plane design criteria depend greatly
on the type of aircraft (and so the flow regime), engine numbers and position, wing-fuselage and
horizontal tail position. These factors affect the estimation of stability derivatives (the variation
of aerodynamic coefficients with the independent variable, the angle of sideslip). This process is
complicated since it involves asymmetrical flow behind the wing-fuselage combination and lateral
cross-control. For this reason the modelling of different aircraft and empennage configurations had
to be expanded compared to the original model.

4.1. PROPELLER SLIPSTREAM MODEL

In this section briefly the slipstream shearing model will be elaborated. This is to give an under-
standing of how the propeller slipstream is modelled and how it affects the other parts of the aircraft.
The model is based on a surface vorticity panel method.

4.1.1. ASSUMPTIONS
 Steady propeller slipstream The propeller slipstream is assumed to be steady;, this is equal to
a propeller with an infinite number of blades or a time averaged velocity

e Fully contracted propeller slipstream The propeller slipstream is directly assumed to be fully
contracted. However when the propeller slipstream passes over the wing the slipstream is not
yet fully contracted. This will result in a small deviation in the lift distribution caused by the
propeller. It was found in literature the propeller slipstream contracts about 1 to 2 percent in
comparison with the propeller diameter[39]. However the effects of the propeller slipstream
are researched at the empennage where the slipstream is fully contracted.

l1+a

l+all+ =
,/Rf,+x2

When x goes to infinity, far downstream, it can be seen the that the previous equation becomes

l1+a
R =Rp 1124 4.2)

* Concentrated vorticity The vorticity is concentrated in a vortex at the propeller blade-root
and a vortex sheet at the propeller blade-tip. To calculate the vortex strength from the vortex
theory the following relation of total pressure increase is used.

R(x) =R, (4.1)

29
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blade vortex

Figure 4.1: Vortex theory, flow relative to a blade element [18]

To calculate the vortex strength from the vortex theory the following relation of total pressure
increase is used, where S is the surface of a panel.

1
(P0)s = (Peo=p'+ 5PV} 4.3)
1 T 2
—ff Ap.dS= —+—f (Qa'r)%ds (4.4)
Spd Js, Sp Spd s,
N, T = 2ZAPt Feo 4.5)
PQ Ry

Where Apy; is the average increase in total pressure as given by the integral on the left side of
the second equation.

¢ Constant strength panels. The slipstream can be divided in panels of constant strength. This
assumption transforms the continues y distribution in a piecewise constant function 7 ;, j-
With a control point at the centroid of each panel.

4.1.2. UNDEFORMED SLIPSTREAM

The slipstream surface is divided in NP trapezoidal panels in circumferential direction and Mp +
1 panels in flow direction. The additional panel in flow direction is a panel to be able to simulate
infinity conditions. For each panel the four corners are calculated in the local (¢, 7, {) panel reference
frame. The origin of this reference frame is chosen to be the centroid of the panel. This point is
chosen as the control point and the origin of the element coordinate system. This can be seen in
figure 4.2.
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Figure 4.2: Simulated propeller non-deformed slipstream tube, divided in N}, sections in circumferential direction and
M), sections in slipstream direction

The shearing of the slipstream causes the panels at 8 = 0, 7,27 to move independently of each other.
The definition of shearing direction and positive reference frame on the additional panels is given
in Figure 4.3. According to the Helmholtz theory vorticity cannot be created nor destroyed in ideal
flow. The Vorticity in each panel is calculated in the respective axis system and then transformed
back to the body axis system. For the complete shearing model and the verification please visit the

research of Schroijen [23].
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Figure 4.3: Cross section of the sheared propeller slipstream tube, indicating the positive angles and directions

4.2. PROPELLER TAIL INTERFERENCE MODEL

A short description is given of the Propeller Tail Interference Model (PTIM). This model has been
developed by Rauhut, van Nispen and Renooij and is further expanded by Schrooijen, see references
[23],[22], [40],[41]. For a more detailed description please visit the aforementioned references.

4.2.1. PROPELLER MODEL

The propeller model is based on the vortex theory assuming a propeller with an infinite number of
blades. The model is based on the blade element theory with a correction for the induced veloc-
ities due to the propeller slipstream. The blade element lift curve is assumed linear and with this
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assumption an implicit function can be derived for the flow angle ¢ with respect to the propeller
plane see, this can be seen in figure 4.4.

0 cos¢>+4sm¢F ((6-¢p)Cy,sing+ Cycosd)

il (4.6)
Vo sing+ %55 (0 — ) Cy cosdp + Cysing)

4sm¢F (

Where F is the Prandtl correction factor [18] for the fact the propeller blades are finite. As a blade has
a suction-surface and a pressure surface, air tends to flow over the blade tip from the lower (pres-
sure) surface to the upper (suction) surface, effectively reducing the resulting forces in the vicinity of
the tip. This theory is summarised by a correction to the induced velocity field and can be expressed
simply by the following equation.

2
F=Zcos'e 4.7)
/4

f'.'r

Figure 4.4: Propeller blade element definitions

4.2.2. WING MODEL

The lift on the wing is calculated by putting N, horseshoe vortices on the quarter chord of the wing.
The induced velocities due to these unit strength vortices are then calculated on N,, collocation
points located at the three quarter chord. The dot product of the induced velocity with the vector
normal to the wing surface is taken, this results in an influence matrix A. The velocity distribution
at the collocation points consists of a contribution of the free stream, propeller induced velocities
and upwash due to the fuselage. The component of the 'free stream’ velocity normal to the wing
surface should be cancelled by the wing induced velocities to fulfil the zero velocity through the
wing boundary condition (Potential Flow).

V- I +AT =0 (4.8)

where the vortex distribution I' over the wing is the only unknown. To include the effect of the
fuselage on the wing lift distribution the effect of the mirror vortices is included in the influence
matrix A. Where the location of these mirror vortices is given by

0 0

Rp?
y2 + ZZ
M

4.9)
z

4.2.3. WING DRAG CALCULATION

The induced drag is calculated differently from a wing in undisturbed flow. This is due to the fact
that the propeller slipstream locally modifies the inflow angle of the wing. The velocities on the wing
are given in Figure 4.5.



SECTION 4.2. PROPELLER TAIL INTERFERENCE MODEL 33

Figure 4.5: Velocities on a wing profile under influence of propeller-slipstream

From Figure 4.5 the following relations can be deduced.

Vot = \/(Voo +Up)? + WP (4.10)

Voo " =V +wisin(ay, +ap) + wicos(ay, + ap) (4.11)

V*+w;sin(ay, +ay)
a; = tan~! ! - d p (4.12)
Vot wisin(ay + ap)

d=-1"sin(a;+ap)+dx*cos(a; +ap) (4.13)

Here [* is the lift as calculated in the non-uniform flow field and d* is calculated from the profile
drag variation with the lift coefficient.

4.2.4. FUSELAGE

The fuselage flow is influenced mainly by the wing trailing vortex sheet. The fuselage is divided in
sections. On these sections the wing trailing vortex effect is calculated at 4 points on the fuselage
surface and averaged to acquire the mean induced velocity in the centre of the fuselage section see
Figure 4.6. With this mean velocity a pitch angle and side wash angle are calculated and the resulting
moments on one section are given by equation 4.14.

dM = npR]%a(Voo +U3)%Ax

! Y (4.14)
dN = Jt,oRf,B(Voo +Uy)Ax

The total moment that is generated by the fuselage in M an N direction is calculated by summing
the moments of all the sections.
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AX

Figure 4.6: Fuselage section and definition of positive angels

4.2.5. WING TRAILING VORTEX SHEET
The trailing vortex sheet is calculated by a time stepping method. The position of the vortex in the
next step is calculated by equation 4.15.

Uy UZ
X, ,2p=|x+dx,y+—dx,z+ —dx (4.15)
Uy Uy

The induced velocities are calculated from the influence of three components
1. The wing trailing vortex sheet on itself
2. The propeller slipstream
3. The fuselage induced velocities, mirror vortex and upwash

The trailing vortex sheet is calculated for each step in the y-z plane in the body-axis system, depend-
ing on the amounts of steps defined. The location of the mirror vortices are recalculated for every
step as the trailing vortex sheet position and fuselage radius change with x position. The velocity
induced by the vortex on a point y,z from the vortex core is given by equation 4.16 where dT" is the
vortex strength of the trailing vortices.

ar

dv=——-— 4.16

27(x% + y?) (4.16)
The influence of the propeller slipstream is calculated by searching for vortices inside the slipstream
contour and determining the induced velocity at the location of the wing vortex sheet in the y,z
plane. The slipstream position is also recalculated for every step so that it moves with the local

velocity vector.
4.2.6. VERTICAL TAIL
The vertical tail is modelled in the same way as the wing, with the addition that the vortices are on

the vertical tail. The ’freestream’ velocity consists of effects of

1. the trailing vortex sheet
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2. the propeller slipstream
3. the fuselage upwash

4. undisturbed flow

The effect of the trailing vortex sheet is calculated by taking the coordinates as calculated in the wing
trailing vortex sheet model and assuming linear segments between them. The propeller slipstream
position at the tail is also taken from the wing trailing vortex sheet model. The collocation points
on the tail positioned inside the slipstream are determined. For these points the slipstream induced
velocities are calculated.

The fuselage is included in the same way as in the wing model, by including mirror vortices and
including the upwash due to the fuselage under an angle of attack.

4.3. EXPANSION TO GEOMETRY MODELLING

The model was originally developed to examine the yawing moment coefficient in OEI conditions
at zero degree angle of sideslip for a fixed configuration. The wing position was fixed as a high wing
configuration modelled as a rectangular wing, the fuselage was symmetric round the x-axis and the
tail section only consisted of a vertical tail with a fixed geometry. To evaluate for this research the
interference effects and the influences of the propeller slipstream effects on the directional stability
of the aircraft, the model has been expanded such that it can evaluate a wide range of aircraft and
especially empennage configurations. This has been achieved by expanding the wing, fuselage and
and empennage modelling. The propeller slipstream model and the wing lift distribution under the
influence of the propeller has not been modified however it has been expanded such that multiple
propellers can be installed.

4.3.1. WING GEOMETRY AND POSITION

The wing was originally modelled as a straight wing modelled at a high wing position. The wing
needed to be modified in two ways for the research. It must be able to give taper to the wing plan-
form, affecting the spanwise lift distribution and secondly the wing position needed to be adjustable
over the aircraft both in X and Z direction.

The taper of the wing was introduced by making the panels from constant to variable in length
(chordwise) over the wing span. The circulation, directly affected by the chord length, decreases
as the chord length reduces. However the spanwise lift distribution becomes more elliptical as the
taper ratio goes to 0.4-0.5 as the downwash of each element changes with the chord length.

The downwash at any span position on the wing can be found by integrating the influence of indi-
vidual elements of the trailing sheet [42].

+b

1 2 1

=— ar (4.17)
ar J2 (y—-yi)

wi

Where (y — y;) is the distance across the span between the vortex element and the point at which
downwash is being calculated.
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Figure 4.7: Expansion of the wing model by making the spanwise chord length variable

The wing position was made adjustable, shifting the wing at any location in x and z direction. Since
the wing position shifts, also the wing trailing vortex sheet shifts with its location. Finally the po-
sition of and the number of propellers was made adjustable independent of the wing. Allowing to
shift the propeller in X and Z direction with respect to the wing location. Changing the propeller
location with respect to the wing influences the inflow angle at the wing [3]. The variation of the
wing position is shown in Figure 4.8 where the wing position is varied from a high to a low wing
configuration, together with the vortex field created behind the wing.

(@ (b) (©

Figure 4.8: Variation of the wing position, a): high wing position, b): mid wing position, c): low wing position

4.3.2. FUSELAGE GEOMETRY

The fuselage model consisted of a cylindrical tube which was symmetrical round the aircraft x-axis.
It consisted of circular sections which could vary in diameter to create the aft and front fuselage
section. To this modelling a z-component has been added, allowing for the creation of a front and
aft fuselage section with the fuselage centre placed lower or higher compared to the main fuselage
centre. Especially the aft fuselage section of which the centre of the fuselage normally shift up,
is important since is will be later evaluated in the results section when the interference effect of
the fuselage on the vertical tail is examined. The fuselage dimensions used for the simulations are
presented in Table 6.6.
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Figure 4.9: Expansion to the fuselage modelling making the centre line adjustable in z-direction

4.3.3. HORIZONTAL TAIL

Last the horizontal tail is added to the empennage to examine the interference effect of the horizon-
tal tail on the vertical tail. The modelling of the horizontal tail is done in the same way as the vertical
tail, it’s created as a lifting surface, divided into panels on which the vorticity is calculated. As for the
vertical tail, it calculates the lift with the 'free stream’ velocity influenced by the trailing vortex sheet,
the propeller slipstream, the fuselage upwash and the undisturbed flow. The collocation point are
placed at 3/4 of the chord over the horizontal tail.
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MODEL VALIDATION AND SENSITIVITY
ANALYSIS

In this chapter the validation and the model sensitivity, determination of the number of panels used
for the simulations, will be discussed. This has been done to show that it is valid to use the model
for the results obtained and additionally how the model is used for the results.

The validation will first be done for the wing plus propeller combination, Section 5.1. The results of
the isolated propeller model are not validated in this report, since that has been done thoroughly in
[22], showing reliable results. By first excluding the fuselage it can be checked if the model shows
accurate results solely for the influence of the propeller on the wing.

Next the fuselage is added to the model and validation is done for the complete configuration,
Section 5.2. Here first the validation is done for the condition the propeller is not operative and next
the same conditions are used with the propeller operative. Finally the complete model, including
empennage is used to show the accuracy for the yawing moment coefficient, Section 5.3.

In Section 5.5 a sensitivity analysis is made and the number of panels used for the simulations is
determined.

5.1. VALIDATION WING-PROPELLER

To validate the wing-propeller combination the data has been used obtained by the PHD of Veldhuis
[3]. The Propeller Wing Model (PROWIM) has been used for verification and experimental results
obtained in the PHD are used for validation. The properties of the PROWIM model and the exper-
imental research executed are extensively described in [3]. Due to this extensive description of the
model is was possible to precisely determine the conditions and geometry of the propeller and wing.
In Figure 5.1 and Figure 5.2 the results of the verification and validation are shown. Figure 5.1 shows
the results of half the wing span (b/2) at @ = 0° and Figure 5.1 is at a = 4o.

0.15 T T T T 0.45 ~
*  Experiment X\\ *  Experiment

——PROWIM L ——PROWIM

— Model ' s“‘x \ — Model

0.05

0 0.2 0.4 0.6 0.8 1
y/b/2 y/b/2 [-]

Figure 5.1: Validation Prowim and experiment(3], a = 0° Figure 5.2: Validation Prowim and experiment|[3], @ = 4°
The agreement is very acceptable for both angles of attack and a clear deformation of the elliptic
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shape as a result of the slipstream swirl velocity component is found. Nevertheless, for the case (@ =
0), the lift coefficient on the propeller inboard side is somewhat overestimated by the VLM-code and
more accurately for the model. For both situations, the 0 and the 4 degree AoA the lift coefficient at
the root is predicted slightly to low while the lift coefficient outside the propeller slipstream at the
outboard side is predicted more accurate for both cases.

Finally it can be seen that the down-going blade in case the propeller is under the 4 degrees AoA,
is overestimating the lift coefficient. The down-going blade experience a increased angle of attack
however this effect seems to be slightly overestimated by the model. However this effect, looking at
the experimental results, seems to be under estimated by the Prowim model.

5.2. VALIDATION WING-FUSELAGE AND WING-FUSELAGE-PROP

The results of model are compared to flight test results and are compared with the results obtained
from the VLM-method of Veldhuis([3].The flight tests are performed on the Fokker 50 aircraft. During
these test the lift distribution over the wing was obtained by performing pressure measurements in
chordwise direction using pressure belts. During the test 2 typical conditions were examined, a Low
Thrust Condition (LTC) at -0.2° angle of attack, a T, of 0.11 and an advance ratio of 1.63 and a High
Thrust Condition (HTC) at 6.1° angle of attack, T, of 0.63 and a advance ratio of 1.0 . The conditions
are summarised in Table 5.1.

Table 5.1: Conditions of the flight test Fokker 50

Condition a[°] T:[-] T[]
LTC -0.2 0.11 1.63
HTC 6.1 0.63 1.0

To arrive at an accurate prediction of the characteristics it is important to model both the fuselage
and the nacelle adequately since they tend to lower the local lift coefficient considerably. The nacelle
is approximated from a CAD drawing as a cylindrical tube and is then scaled to the model. For the
fuselage especially the fuselage slenderness ratio is important as is the size of the fuselage compared
to the wing span. The properties to model the wing are given in table 5.2. Since the validation
is specific about the lift distribution concerning the wing the correct parameters are essential [3].
Both are co-rotating, the left propeller is turning inboard up while the outboard propeller is turning
outboard up.

Table 5.2: Fokker 50 wing properties

Wing Properties Symbol Value Unit
Wing Aspect Ratio A 12 (-]
Taper Ratio A 0.4 (-]
Incidence Angle Root iy, 3.27 [°]
Zero lift AoA (Airfoil)  ag -3.382  [°]

Wing Fuselage Nacelle
In Figure 5.3 and Figure 5.4 the lift distribution can be seen for the wing, fuselage and nacelle com-
bination. It follows from the figures that the fuselage and the nacelle have a remarkable influence
on the lift distribution.

It can be seen that the model results are very close to the results of the flight test and the VLM
model by Veldhuis. Especially in the LTC case (a = —0.2°) the model and the VLM model give almost
the same result. For the HTC case (@ = 6.1°) it can be seen that the lift distribution is different be-
tween the model and the VLM model for the fuselage section. However in this region no flight-test
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measurements have been done so no clear conclusion can be given which model is more accurate
for the high angle of attack situation. In general, panel methods tend to be more inaccurate for high
angle of attack situations since the viscous effects can not be modelled. However for the research
conducted the angle of attack is kept at zero degrees.

0.2 /| —— Model 0.4 || —— Model

% Flight Test % Flight Test
— VLM — VLM
0.1 ; ' ; 0.2 ; ' ;
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
y/b/2 [-] y/b/2 [-]
Figure 5.3: Wing-fuselage lift distribution, LTC Figure 5.4: Wing-fuselage lift distribution, HTC

Wing Fuselage Nacelle Propeller

In Figure 5.5 and Figure 5.5 the lift distribution can be seen for the wing, fuselage,nacelle and pro-
peller combination. As can be seen in both figures the propeller slipstream generates a significant
disturbance of the spanwise lift distribution.

Although the associated flow over the real aircraft in flight is very complex, the model and the
VLM method, predicts the local lift coefficient remarkably well for the LTC condition. Both models
clearly follow the flight test results, however again only measurements have been done at 10 loca-
tions. A broader spectrum of measurements especially around the fuselage and propeller region
would allow for a better conclusion. It can be seen that for the inboard-up propeller(left) the down-
going blade is modelled more accurate then the VLM model, showing a slight increase again after
the propeller position in the lift coefficient.

For the HTC case is can be seen that there is quit a remarkable difference between the 2 models and
the flight test results. First again as in the LTC case, the lift coefficient for the fuselage is again lower
for the model as compared to the VLM method. However in this region again no flight measure-
ments are available.

It can be seen that the model overestimates the lift coefficient for the down-going blade in the high
angle of attack case. The down-going blades experiences in this situation an extra increase in angle
of attack but it seams to be overestimated especially for the inboard-up going propeller. For the
outboard up going propeller also the flight measurement shows a slight increase in lift coefficient
for the downgoing propeller in comparison to the VLM model.

For the research conducted, the angle of attack in most cases is kept at 0 degrees and for some
cases raised until max 5 degrees making the LTC case more relevant for which the model shows ac-
curate results, however the thrust coefficient (T, = 0.63) of the HTC condition is more representative
for the simulations.
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Figure 5.6: Wing-fuselage-propeller lift distribution,

Figure 5.5: Wing-fuselage-propeller lift distribution, LTC HTC

5.3. VALIDATION YAWING MOMENT COEFFICIENT OFEI

The lift distribution over the wing and fuselage, influenced by the propeller slipstream is of great
importance for the tail effectiveness as already described before in Section 3.5. However this last
step of the validation is to check the yawing moment coefficient in OEI and check for the correct
modelling of the wing vortex sheet. As in the description of the modelling of the empennage there
are four factors that influences the force generated by the empennage, the free stream, the wing
vortex sheet, the upflow from the fuselage and the propeller slipstream tube. Additionally it will be
shown that the flaps model doesn’t give accurate results and therefore will not be used in further
analysis. For the validation the work of Schroijen has been used which is validated by the windtun-
nel measurements of Mannée[23][24]. In Figure 5.7 and Figure 5.8 the results are shown for both
a Inboard Up (IU) and a Outboard Up (OU) rotating propeller for the fuselage, wing, propeller and
empennage configuration. In Figure 5.8 the results are shown with a flap deflection of 30°.
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Figure 5.8: Yawing moment coefficient for the wing,

Figure 5.7: Yawing moment coefficient for the wing, fuselage, propeller and empennage combination with
fuselage, propeller and empennage combination with flaps at 30°

flaps retracted
It can be seen from Figure 5.7 that the model predicts the yawing moment for the inboard up rotat-
ing propeller accurate for the whole regime of thrust coefficients while for the OU the error at Tc=1.5
is 6%.
From Figure 5.8, condition with flaps, it can be clearly seen that the error for the OU has significantly



SECTION 5.4. CONCLUSION ON MODEL VALIDATION 43

grown and that the error especially for the IU rotating propeller is very large (50,4 % at Tc=1.2). For
both the IU and the OU situation the yawing moment is underestimated by the model. The large
error from the IU rotating propeller with flaps can be explained by the irregular wing vortex sheet.
This results in a wing trailing vortex sheet with incorrect vortex strength distribution, which affects
the vortex movement. The induced velocities are therefore incorrect at the vertical tail. For this rea-
son it is chosen not to use flaps in the model for the results. Since a lot of effort have been made
in the past to model the flaps and because of the complexity of the modelling of the flaps (viscous
effects) is has been chosen to leave the flaps out of the scope of research.

5.4. CONCLUSION ON MODEL VALIDATION
From the validation of the spanwise lift coefficient the following conclusions can be made. When
validating the individual wing and the propeller the error between the model and the experimental
data for the spanwise lift coefficient is within 2% for the condition where a = 0° For the condition
where a = 4° the error is within 3% except for the region of the downgoing blade, here an overesti-
mation of the lift is found. While the experimental data shows a small decrease the model predicts
a small increase in lift. The error in this region equals 13% compared to the experimental values.
From the verification of the fuselage-wing-nacelle combination it is found that the model shows
predicts the spanwise lift coefficient with a small error (1-2%) for the complete span in comparison
with the VLM model for the ¢ = 0° condition. For the a = 6.1° condition it is found that the lift is
predicted similar to the VLM only the lift created in the fuselage section is under predicted by 12%.
Only a few experimental data points are available which makes the validation more difficult. The
model shows similar trends to the experimental data for both @ = 0° and a = 6.1° condition. The
maximum error found with a experimental data point is 10%. Finally the propeller-wing-fuselage
combination was verified and validated. It was found that for the HTC the lift coefficient behind the
downgoing blade is overestimated compared to the experiment and the VLM method. This increase
in the model is caused by an overestimation of the angle of attack the downgoing blade is experi-
encing. Especially for the propeller turning inboard up, at the port side, a large peak is estimated
while the experiment only shows a slight increase. The VLM method doesn’t show this increase at all
but predicts a decrease in lift. For the LTC the error between the experimental data and the model
is relatively small and the same trend can be seen in the data.

Finally from the validation of the complete aircraft model on the yawing moment coefficient it was
found that the for the simulation whiteout flaps only a small error is found. The error for the IU
condition is round 1% and for the OU condition it increases to maximum 6%. For the condition
with flaps, it can be clearly seen that the error for the OU has significantly grown and that the error
especially for the IU rotating propeller is very large (50.4 % at Tc=1.2). For both the IU and the OU
situation the yawing moment is underestimated by the model. From the validation of the model it is
concluded that the model shows sufficient accuracy for the prediction of the spanwise lift coefficient
of the wing-fuselage-propeller combination with low angles of attack. Additionally the model shows
sufficient accuracy of predicting the yawing moment coefficient for a low to a high thrust coefficient
for the condition without flaps. It was found that deploying the flaps leads to a significant error up
to 50% for the yawing coefficient of the complete model. Therefore the flap model is not used in the
analysis of the directional stability of the aircraft.

5.5. PANEL SENSITIVITY

In this section a sensitivity analysis is performed to determine the amount of panels needed for the
simulations. The amount of panels determines the accuracy of the model within the numerical as-
sumptions made to predict this complex flow which acts around the aircraft due to the numerous
parts of the aircraft and the propeller. As the amount of panels increases it can be seen that the re-
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sults converge. The convergence point is taken when the difference between the next step is smaller
than 0.01% of the previous value. This convergence point has been determined for the various pan-
els and will be used later for the results.

The amount of panels used for the propeller, wing and fuselage have an effect on the lift distribution
and vortex field. Next the amount of panels used on the model the vortex field and fuselage in x-
direction (longitudinal) influence the vortex field. Finally the amount of panels used on the stabilo
and vertical tail influence the prediction of the lift over these parts.

Below an overview is given of the different panel parameters:

Np,: Number of transversal stations on the propeller slipstream grid

Ny,: Number of panels used on wing

N,: Number of steps in vortex field
e N,: Number of panels used on the horizontal and vertical tail

* Ny: Number of panels on the fuselage

N;: Number of sections of the fuselage behind the wing

Propeller - N,: The propeller model is insensitive to the number of spokes chosen to model the
disc. This shows that the linear interpolation over the disc is a good approximation, and calculation
time can be increased by decreasing the number of spokes used.

Wing - N,,: The amount of panels on the wing influence the prediction of the lift coefficient. It
is chosen to show the lift coefficient, however since the drag coefficient is also directly linked it
is assumed that the other wing parameters converge for the same amount of panels. It is chosen
to have a equal distribution of panels over the wing to have sufficient panels both at the root and
propeller section but also at tip. For the determination of the panels the configuration of describe in
Section 5.1 has been used at 4 degree angle of attack, OU rotating propeller. In table 5.3 an overview
is given of the amount of panels on the wing and the effect on the lift coefficient of the wing. It can
be seen that the lift coefficient converges at 100 panels on the wing (complete wing span, 50 per
wing section).

Table 5.3: Variation of the amount of panels on the wing and the effect on Cy,

Parameter
Ny [-] 20 30 40 50 100 200 500 1000
Cr [-] 0.2880 0.2987 0.3040 0.3072 0.3136 0.3140 0.3141 0.3141

Vortex Field - N, Number of steps in vortex field. To show the convergence in the vortex field,
the yawing moment coefficient has been used as a reference. In this way the vortex field can be
evaluated by the moment it creates on the fuselage and tail. An OEI situation has been chosen with
a high wing configuration with a inboard up rotating propeller for all the simulations.

Table 5.4: Variation of the amount of steps in the vortex field and the effect on Cj,

Parameter

Ny [-] 25 50 75 100 125
Cn [-] 0.0225 0.0224 0.0223 0.0223 0.0223
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Empennage - N, For the empennage it is assumed that the lift distribution over the vertical tail and
the stabilo will converge at the same amount of panels as has been used for the wing. Leading to a
equal spread of panels over the stabilo and vertical tail of 100 panels.

Fuselage - Ny It was found that changing the mesh of the fuselage in a section has only a very
little effect on the results. This is because of the assumption when calculation the properties of the
fuselage the average of the fuselage is taken at 4 points. Varying the mesh between those 4 points has
therefor little effect. In Table 5.5 the results are shown for varying the mesh on the yawing moment
coefficient.

Table 5.5: Variation of amount of panels on a fuselage section

Parameter
Ny [-] 8 20 40 60 80 100
Cpnl-] 0.0222 0.0222 0.0223 0.0223 0.0223 0.0223

N; determines the amount of panels in longitudinal direction of the fuselage. The more panels are
taken the better the vortex field can be estimated for due to the fuselage upwash.

Table 5.6: Variation of the amount of sections of the fuselage

Parameter
N [-] 10 20 40 60 100
Cy [-] 0.0224 0.0222 0.0223 0.0223 0.0223

It can be seen from Table 5.6 that changing the amount of sections spanwise has only little effect on
the yawing moment coefficient of the aircraft, C,, converges at 40 panels. This is also the value that
has been chosen for N for the simulations.

Overview of selected panels For all parameters the number of panels has been chosen until con-
vergence of the results is obtained, in Table 5.7 an overview is given for all the parameters.

Table 5.7: Overview of the number of panels for the different sections of the model

Parameter No. of panels

N, 8
Ny 100
N, 75
N, 100
Ny 20
N, 40
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AIRCRAFT MODEL AND APPROACH

In this chapter first the model is described used for the simulations and next an overview is given
of the approach to analyse the effects on the vertical tail. The aircraft model consist of a model of
the wing, fuselage, empennage and the propeller. The general layout of the aircraft model will be
discussed and followed by the description of the individual aircraft components. Next the propeller
model will be described. The approach for analysis consists of a parametric analysis, to see the
isolated effects of the different aircraft components on the vertical tail. Finally in Section 6.5 an
overview is presented of all the different simulations.

6.1. TURBOPROP TYPICAL DIMENSIONS

To evaluate the directional stability characteristics for a turbo-prop aircraft the model have been
given the characteristics of modern turbo-prop aircraft. The fuselage, wing and empennage param-
eters of the Fokker 50 and the ATR 42 have been determined and can be seen in table 6.1, table 6.2
and table 6.3. Also the parameters for the fuselage, wing and empennage of the simulated model
are given. These are the standard values used when they are not evaluated for, e.g. the aspect ratio
of the wing is fixed at 10 as the position of the horizontal tail is varied.

Table 6.1: Fuselage parameters of regional turbo prop aircraft and the used model

Lelfal-l xwellp -1 1l []

ATR 42 10.3 0.41 3.2
Fokker 50 9.35 0.36 2.9
Model 10.5 0.39 3.9

Table 6.2: Vertical tail parameters of regional turbo prop aircraft and the used model

Al/['] /lu [-] AULe [0]

ATR 42 1.56 0.61 32
Fokker50 1.21 0.68 24
Model 1.5 0.5 27

Table 6.3: Horizontal tail parameters of regional turbo prop aircraft and the used model

Ap -1 Ay [l Apre [°]

ATR 42 4.1 0.6 7
Fokker 50 49 0.45 9
Model 5 0.5 7

6.2. AIRCRAFT MODEL DIMENSIONS
Below the ’general’ aicraft model will be shown that is used for the simulations, the model shows
the original configuration parameters, these are of course changed for the different simulations. For
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example when the effects of the horizontal tail are studied, the parameters shown in Figure 6.1 are
used for the fuselage and wing and the parameters of the position of the horizontal tail is variable.
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Figure 6.1: Side view of the aircraft model used for the simulations
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Figure 6.2: Top view of the aircraft model used for the simulations

6.2.1. WING PROPERTIES

The wing has as been discussed modelled as a rectangular wing. In Table 6.4 the properties of the
wing are presented.

Table 6.4: Aircraft model - Wing parameters

Parameter Symbol value Unit
Taper ratio Aw L[]
Tip chord Cuw, 03 [-]
Root chord Ly 0.3 [-]
Span S 3 [
Twist € 0 [°]
Sweep angle Ay 0 [
Incidence angle iw -1 [0
Wing zero lift coefficient  ag -2.05 [

Wing aspect ratio ARy, 10 []
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6.2.2. FUSELAGE PROPERTIES

For this research the fuselage model has been expanded, allowing to shift the fuselage sections in z-
direction. The fuselage has been modelled as circular section in longitudinal direction. The fuselage
has been modelled by 14 sections, the fuselage properties are presented in Table 6.6. Since the
fuselage is a cylindrical tube between x = 0.202 and x = 1.400 most sections are placed at the nose
and aft section of the fuselage to correctly model the decreasing fuselage diameter in these areas.
The fuselage properties are presented in Table 6.5. The centre of gravity of the fuselage in z-direction
is assumed to be at the centre of the main fuselage diameter.

Table 6.5: Aircraft model - fuselage properties

Parameter Symbol Value Unit
Fuselage length f1 2.02  [m]
Fuselage main diameter fa 0.08 [m]
Fuselage main radius fr 0.04 [m]

Fuselage cgin x-direction  x¢g,,,  0.768  [m]

Table 6.6: Fuselage x,y and z component for every section

Sections ‘
Fuselage X 0.00 0.01 0.1 0.202 1.400 1.605 1.710 1.780 1.840 1.880 1.925 1.970 2.000 2.02
Fuselage Z -0.045 -0.03 -0.03 -0.02 -0.01 0.000 0.000 0.000 0.01 0.015 0.02 0.025 0.028 0.03

Fuselage radius | 0.00 0.025 0.07 0.080 0.080 0.080 0.070 0.060 0.050 0.040 0.030 0.020 0.010 0.00

6.3. PROPELLER MODEL

In this section the propeller model will be discussed. First the propeller model installation on the
aircraft will be discussed and next the properties of the propeller itself.

6.3.1. PROPELLER INSTALLATION ON AIRCRAFT

The horizontal location of the propeller is of great importance. It determines the interaction be-
tween the propeller and the fuselage and the effect of the propeller on the vertical tail. For the pro-
peller installation 2 parameters are of main importance, the distance of the center of the propeller
to the fuselage and the propeller diameter, as shown in figure 6.3.

Propeller

. Fuselage
centre axis

centre line

/N
252

I

Figure 6.3: Parameters used to define the propeller location on the wing

In table 6.7 the typical propeller distance is shown of the reference aircraft and the model’s propeller
position when it is not the variable parameter.



50 CHAPTER 6. AIRCRAFT MODEL AND APPROACH

Table 6.7: Parameters to describe the propeller instalment on the aircraft

ylm] D[m] y/DI-]

ATR 72 4.6 3.9 1.18
Fokker50 3.77  3.66 1.03
Model 0.275 0.262 1.05

In Figure 6.4 the location of the propeller with respect to the wing is illustrated. From literature it
was found that both the horizontal and the vertical location of the propeller have a large influence
on the inflow over the wing and thus the lift coefficient created. It was chosen to centre the propeller
axis and the wing centre axis in z direction such that the propeller is placed directly in front of the
wing. The propeller is placed 0.2 m in front of the wing.

Location of the propeller w.rt. the wing

I nie

: :
| :
2zt !
i i 0 Zwing = Zpropeller
: \/
: :
i i

Figure 6.4: Propeller location w.r.t. the wing location

6.3.2. PROPELLER BLADE ANGLE CALIBRATION

The calibration of the propeller has been done to obtain the same thrust coefficient to advance ratio
(T. — ) as been used in the windtunnel measurements by Mannée . Doing so the simulated pro-
peller represents an actual propeller and the simulations with a propeller installed can be checked
with the windtunnel tests.

The precise propeller shape cannot be determined from the literature, the propeller is therefore
roughly calibrated on a given Tc - ] graph given in the report of Mannée. Because in different liter-
ature (design vs propeller) thrust coefficient is defined differently, Tc is the non-dimensional thrust
coefficient

= ! (6.1)
¢ % sz D2 ’
While the thrust coefficient for propeller normally is defined as:
— (6.2)
'™ pn2D? '

For the calibration of the thrust the high-wing configuration with vertical tail,with and without is
used. To achieve the correct thrust setting for a given advance ratio the 0.75R blade angle is modified
by an extra blade angle:
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9 = egeo + ﬁp (6'3)

The geometric blade angle (6¢.,) variation is shown in Figure 6.6 . The values for which the blade
angle is varied is given in Table 6.8.

Table 6.8: Calibration of the propeller blade angle

n[RPM] | 7034 8240 10883 11771 12539 13414 14068
Bpl) |65 58 450 400 375 330 3.30

Using the adjusted blade angles results in the following thrust coefficient as a function of advance
ratio graph (Figure 6.5), plotted together with the experimental set-up of Mannée.

—— Measured
% Calculated

15r

0.5

0 . . . . . .
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V/nD [-]

Figure 6.5: Thrust coefficient plotted against the advance ratio for the used propeller in the simulations

From the graph it can be seen that blade angle is adjusted such that the thrust coefficient to advance
ratio matches those of Mannée.

6.3.3. PROPELLER PROPERTIES

The propeller properties are summarised in Table 6.9. Here the various parameters are shown to
model the propeller. The propeller properties are based on the work of Mannée. The blade angle
(Bgeo) and chord of the propeller blade vary spanwise and are given in Figure 6.6.

Table 6.9: Properties of the propeller used for the simulations

Description Parameter Value  Unit
Number of Propellers Np 1 (-]
Number of blades Ny, 2 [-]
Propeller diameter D 0.305 [m]
Propeller radius R 0.1525 [m]
Number of radial stations T 7 [-]
Propeller chord c c(r) (m]
Geometric blade angle Ogeo Ogeo()  [°]

In Figure 6.6 the spanwise chord and blade angle are given for the propeller.
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Figure 6.6: Propeller chord and blade angle over the span of a blade

6.4. PARAMETRIC ANALYSIS

In order to see the effects of the different parts of the aircraft on the installed vertical tail a para-
metric analysis has been performed. This is done to see the isolated effect of an added parameter
while the other parameters are kept constant. In this way it is able to clearly see for example the
effect of adding a horizontal tail on the effectiveness of the vertical tail. The parametric approach
is first applied on the aircraft model without the propeller. It is verified and validated if the aerody-
namic model is able to predict the side force coefficient for different configurations of the aircraft
and empennage. Once the individual effects are validated the complete aircraft configuration is
analysed. Next the same analysis is performed with the propeller installed and compared to the
situation without the propeller. In this way it is possible to identify what the effects of the propeller
are on the isolated vertical tail and the interference effects and finally on the complete aircraft con-
figuration.

The analysis has been performed in the following order, in which the aircraft is 'build up’ in four
steps.

1. The isolated vertical tail is evaluated. The sideforce coefficient of the vertical is examined for
a negative to a positive sideslip angle. This step is very important because in the following
three steps it will be evaluated how the various aircraft parts influence the vertical tail.

2. To evaluate the fuselage interference effect, the fuselage is added to the vertical tail. The re-
sults are compared to the isolated vertical tail to see the interference effect of the fuselage.
Different slenderness ratios are used for the aft fuselage section

3. Next the wing is added to the fuselage and tail combination. The results are evaluated, com-
paring them to the fuselage and the vertical tail combination. The position of the wing is
varied and the aspect ratio of the wing at the different vertical positions of the wing.

4. Finally the horizontal tail is added. As for the previous situations, now it is compared with the
v-tail-fuselage-wing situation. The position of the horizontal tail is varied both chordwise as
vertically.

After the analysis of the isolated vertical tail and the individual interference effects the directional
stability derivatives of the complete aircraft model are evaluated.
In Figure 6.7 the four different different steps are presented.
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Figure 6.7: Parametric analysis to identify the interference effects of the various aircraft parts

6.5. OVERVIEW OF SIMULATIONS

In this Section an overview will be given of all the simulations. These scheme is very useful when
evaluating the results section, giving a clear overview of all the simulations for the results.

No propeller installed

As described before, in total three effects are evaluated for in the case there is no propeller installed,
the effect of the fuselage,wing and horizontal tail. The sideslip angle is kept constant at five degrees.
For the fuselage in total five different configurations are evaluated for, for the wing four different
aspect ratios and three different wing positions. Finally for the horizontal tail the vertical position
of the horizontal tail is evaluated at six different vertical positions. The horizontal position of the
horizontal tail is again evaluate at three different chordwise positions (x/c= -0.25, 0, 25) at all six
vertical positions.

Propeller Installed

For the propeller operating situation it was chosen to perform the tests in one engine inoperative
situation for most simulations. This gives the largest effects of yawing moments and sidewash at
the vertical tail and is the critical condition for the vertical tail design. From literature it was already
known that the inboard up rotating propeller generates the largest yawing moment, for this reason
a OEI condition is used with the propeller rotating inboard up. However, because of the asymmetric
conditions the situation changes for a positive or negative sideslip angle. This can be seen in Figure
6.8 and Figure 6.9. For the positive sidelsip angle, Figure 6.9 the propeller slipstream tube flows in
direction of the freestream and is displaced in direction of the fuselage. This increases the propeller
slipstream effects on the fuselage and the vertical tail because the presence of the slipstream is more
dominant then in the case where the propeller slipstream is displaced away from the fuselage, see
Figure 6.8.

An additional comment to this condition is that the aircraft, in case of an engine failure is operated
with a sideslip angle, towards the 'living’ engine. In other words, in the situations described earlier,
the situation as shown in Figure 6.9. This is because, in this situation the vertical tail already gener-
ates a corrective force for the asymmetric thrust. Doing so the amount of rudder deflection, needed
to counteract the asymmetric thrust, decreases and the drag of the aircraft decreases, allowing to
achieve better aerodynamic properties. From my own experience I, the author and a licenced pilot,
know that it is unable to achieve a climb rate with a PA-44 (Piper Seminole) in OEI conditions when
it is not flown with this sideslip angle.
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Additionally, to research the wing interference effect under influence of the propeller slipstream,
the simulations are performed at 0 degree of sideslip. This has been done to also show the effects
of the rotating propeller on the yawing moment of the aircraft whiteout the effects of a side slipping
flight. It can be seen that the location of the wing and thus the propeller significantly influences the
tail effectiveness. In Figure 6.10 an overview is given for the simulations.
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Figure 6.10: Overview of the simulations performed for the different configurations

Figure 6.9: Potential flow model showing the fuselage,
wing and tail combination (top view) for a sideslipping
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ANALYSIS OF DIRECTIONAL STABILITY
USING A POTENTIAL FLOW MODEL

In this chapter the sideforce coefficient generated by the vertical tail under a side slip angle will be
verified and validated. The side force coefficient of the vertical tail is dependent on the shape of the
vertical tail itself and the interference effect created by the other parts of the aircraft. To show that
the potential model is able to predict the sideforce coefficient of an installed vertical tail for differ-
ent configurations, these two dependencies will be evaluated. First the individual vertical tail will be
evaluated and next the different interference effects. If both dependencies are validated and show
accurate results it can be assumed that the model predicts the sideforce coefficient of the installed
vertical tail with sufficient certainty matching validated models. Finally for two complete aircraft
models, the sideforce coefficient will be evaluated and compared to the results obtained with the
semi-empirical methods.

The results are obtained using the aircraft model and conditions described in Chapter 6, with a
side-slip angle of 5 degrees. For the various situations also the results obtained by Della Vecchia are
shown, who performed the same measurements with a comparable model using a Navier-Stokes
solver. This is plotted in the results with the legend 'CFD".

7.1. ISOLATED VERTICAL TAIL

In figure 7.2 the sideforce coefficient of the vertical tail is shown. The analysis of the isolated vertical
tail is of great importance: to provide the vertical tail lift curve slope Cy,. Later the results will be
used to estimate the interference effects created by the fuselage, wing and horizontal tail. For the
isolated vertical tail, three different geometries are evaluated, see Figure 7.1, with three different
aspect ratios and taper ratios. The analyses performed with the above mentioned shapes allow for
the estimation of variation of lift curve slope versus aspect ratio. The results are plotted together
with the CFD results of the isolated vertical tail with the same AR of Della Vecchia [32].
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Figure 7.2: Sideforce coefficient for isolated vertical tail

Figure 7.1: Sideview of the three vertical tail surfaces Cy, plotted vs. sideslip angle

The results show very comparable results to the CFD-results, the maximum error is found for AR=1.
and equals 2%. For all aspect ratios there is a slight underestimation of the side-force. Since the
model is symmetrical the error is the same for the -5 and +5 degrees angle of sideslip. As the aspect
ratio of the vertical tail increases also the sideforce coefficient increases. In the next sections the
interference effects on the installed vertical tail of an aircraft will be discussed. Finally after the
interference effects are discussed, it can be judged if the model predicts the side force coefficient of
the installed vertical tail accurately for different aircraft configurations.

7.2. INTERFERENCE EFFECT OF THE FUSELAGE ON THE VERTICAL TAIL

The first interference effect that has been studied is the fuselage effect on the installed vertical tail.
The fuselage influences the vertical tail in a sideslip in two ways as already discussed in Section 7.2:
it has an endplate effect on the vertical tail, prohibiting the flow at the root region of the vertical tail
to go from the higher pressure side to the lower pressure region. Secondly increasing the sidewash
over the vertical tail: the fuselage acts as a cylinder at the lower side of the vertical tail, accelerating
the flow and increasing the sideforce on the vertical tail root region close to fuselage junction.

In Figure 7.3 the parameters used to vary the fuselage dimensions are shown, here b, is the tail
height. fp is the fuselage diameter at quarter chord of the aerodynamic centre of the vertical tail.
The fuselage diameter in front of the aft fuselage section is kept constant. The aft fuselage diameter
can be altered in three different ways, it can be done by changing the upper fuselage angle (6,),
by changing the lower aft fuselage angle (8,) or by changing both angles at the same time. This is
illustrated in Figure 7.4. It is chosen for this research to modify both 8, and 6, since it represents the
situation for most turbo-prop aircraft.
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Figure 7.4: Methods to decrease the aft fuselage diameter

Figure 7.3: Parameters used to describe fuselage-tail
effects

In Figure 7.5 the approach used to show the effect is illustrated: the side force coefficient of the
vertical tail under influence of the fuselage (Cy, ) is divided by the side force of the isolated vertical
tail (Cy, ), previously obtained. Normally the decrease in the aft fuselage diameter would cause the
centre of gravity to shift forward. However, because this shift is very small, it assumed the centre of
gravity of the fuselage is kept constant at its original position.
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Figure 7.5: Force created by the fuselage plus vertical tail is divided by the force created by the isolated vertical tail

The results of the simulations are shown in Figure 7.6 where the side force coefficient is presented
and Figure 7.7 where the yawing moment coefficient is shown for the fuselage (F) and the fuselage
and vertical-tail combination (FV). The results are plotted together with the correction factor used
for the DATCOM method obtained by windtunnel measurements (added in Appendix A) and the
correction curve obtained by CFD by Della Vecchia [32].
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Figure 7.6: Fuselage effect, effect of changing fuselage
slenderness on V-tail effectiveness, § = 5°

Figure 7.7: Fuselage effect, yawing moment decreases as
fuselage becomes more slender, § = 5°

As the aft fuselage becomes more slender, the effect of the fuselage becomes smaller as expected.
It can be seen that for a low ratio of b,/ f; the tail effectiveness increases with 35 %. Especially
the effect of the extra side-wash created Z—% becomes smaller as the fuselage diameter is decreased.
The results are underestimated for the tail effectiveness compared to the DATCOM correction factor
and the correction curve obtained by CFD measurements [25]. The lower prediction of the model
is possibly caused by different modelling of the decrease of the aft fuselage diameter at the vertical
tail position which was not extensively described in the sources. In this research the position of
the vertical tail was kept constant and the angles causing the decrease in fuselage diameter (6, and
0,) were varied equally. Possible other modelling of the decrease or increase of the aft fuselage is
possible by only changing 0, or change 6, and 0, with different angels, leading to different results.
When looking at the yawing moment, Figure 7.7, it becomes clear that not only the yawing moment
created by the vertical tail decreases as the aft fuselage becomes more slender, but also the yawing
moment by the fuselage decreases.

7.3. SIDEWASH EFFECT CREATED BY THE WING

The second interference effect that has been evaluated is the wing effect, the position of the wing
in comparison with the fuselage and the wing aspect ratio on the sideforce created by the installed
vertical tail. This has been done by placing a rectangular wing on the fuselage at three different
positions (hy,/1f), low-wing (hy/ry = —1), mid-wing (h,/ry = 0), and high-wing (h,/ry = 1). The
aspect ratio of the wing has been varied from 5 to 15 by increasing the span, while keeping a con-
stant shape, constant chord ratio and doing so also increasing the surface of the wing.

The wing fuselage combination has a significant effect on the vertical tail as discussed in Section
2.2.2.

The effect has been measured by the ratio between the vertical tail contribution to sideforce co-
efficient of the wing-fuselage-vertical tail combination with the fuselage-vertical tail combination
previously obtained in Section 7.2. This is illustrated in Figure 7.8, the aircraft including the wing is
divided by the aircraft without a wing, isolating the aerodynamic effect of adding the wing.
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Figure 7.8: Approach to isolate the effect of changing wing configuration

Again all the results are obtained with a sideslip angle of 5 degrees. The results can be seen in Figure
7.9 where the ratio of side force coefficients is shown for the various aspect ratios and Figure 7.10
where for a Aspect ratio of 8, the results are shown together with the CFD results and the correc-
tion factor used by Obert, obtained by windtunnel measurement. Note that Obert does not make a
distinction between different aspect ratios.
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Figure 7.9: Change in vertical tail effectiveness with Figure 7.10: Comparison model with CFD results of Della
changing wing position and AR, f = 5° Vecchia [32] and wind-tunnel measuremetns of Obert

From Figure 7.9 it can be seen that the tail effectiveness decreases as the wing is shifted upwards as
expected, see the explanation of the wing effect. For a low wing position the circulation created by
the change of lift coefficient over the wing causes an extra force on the vertical tail in the direction
of the existing force caused by the sideslip, having a stabilising effect on the aircraft. The variation
of circulation for a wing with an aspect ratio of 8 has been plotted in Figure 7.11. It is very clear from
the Figure that an asymmetric circulation is created for a high and low wing.
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Figure 7.11: Change in circulation distribution for a Figure 7.12: Spanwise lift distribution over the vertical tail
high/mid/low wing configuration in sideslipping flight, under the influence of the sidewash created by the wing
p=5° for a low,mid and high-wing position, § = 5°

Around the mid-wing position the effect is zero (the ratio Cy,,  /Cy, =1) for all aspect ratios. This
also is made very clear in Figure 7.11 since the circulation distribution is symmetrical over the com-
plete wing span and is not causing a increase of circulation at the vertical tail.

In Figure 7.12 the spanwise lift distribution is given over the vertical tail. It can be seen as ex-
plained in Section 2.2.2 that the circulation created by the low wing increases the lift created at the
root of the vertical tail and the circulation created by the high-wing adversely effects the vertical tail
by decreasing the lift coefficient. It can also be seen that this effect is not symmetrical. This can
be explained by the fact that the trailing vortex sheet of the wing under influence of the downwash
and side-slip angle for a low wing is further away from the vertical tail compared to a high wing
configuration.

The results obtained show good correlation with the CFD results, see Figure 7.10. The effect for a
high wing is slightly over-estimated (4.5%) while the effect for a low wing shows the same result. It
is very noticeable that the correction factor obtained by Obert overestimates the wing-effect signif-
icantly, having a 20% increase or decrease for a low and high wing configuration.

Finally for the wing interference effect the focus is put on the yawing moment coefficient of the com-
plete aircraft model. In Figure 7.13 the yawing moment coefficient ratio is plotted of the complete
model (wing-fuselage-vertical tail combination Cy,,,,) divided by the yawing moment coefficient
of the complete model at mid-wing position (Cy,). In Figure 7.14 the yawing moment coefficients
of the various parts of the aircraft have been plotted at all three wing positions to explain the effect
of Figure 7.13.
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Figure 7.13: Change of yawing moment compared to a
mid-wing position, § =5°

As the wing position increases to a high wing position the yawing moment of the aircraft increases.
This is quite contradictory to the tail effectiveness, which decreases with as the wing position shifts
up. This can be explained by Figure 7.14 where the yawing moment coefficient of the individual
components (wing, fuselage, V-tail) are plotted. It can be seen that indeed the yawing moment of
the vertical tail decreases but that the moment generated by the fuselage increases significantly.
This can be explained again by the shift in circulation around the fuselage caused by the change in
wing position. The high-wing situation creates a circulation which causes an extra force created by
the fuselage in the same direction as the force caused by the sideslip, increasing the yawing moment
coefficient of the fuselage.

7.4. HORIZONTAL-TAIL EFFECT

Last interference effect that will be discussed is the effect of the position of the horizontal tail on
the vertical tail. A tapered horizontal tailplane, of constant size and aspect ratio, is mounted in five
positions on the vertical tail and one on the fuselage, at the quarter chord position of the vertical tail.
The dimensions of the horizontal tail can be found in Chapter 6. Next the horizontal tail position is
also shifted horizontally (in x-axis direction). The horizontal tail is shifted a quarter chord forward
(x/c= -0.25) and a quarter chord backwards (x/c =-0.25). All the positions with regarding to the
vertical tail position are sketched in Figure 7.16.

The approach used to isolate the effect of the horizontal tail is sketched in Figure 7.15. The same
approach has been used as in the previous sections, the side force coefficient of the wing-fuselage-
Vertical tail and horizontal tail (CYVWFVH) is divided by the side force coefficient calculated in the
previous part for a mid-wing aircraft without the horizontal tail (Cy, ).
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vertical tail effectiveness the H-tail

An example of a simulation of the vertical tail and the horizontal tail is presented in Figure 7.17. To
have accurate calculations of the forces and moments generated by the horizontal and vertical tail
a mesh with a higher refinement is used than for the vortex field. The horizontal tail in this exam-
ple is modelled at the middle of the vertical tail (zj,/b, = 0.4) and is shifted a quarter chord forward
(x/c=+0.25).

When a horizontal tail is installed on a vertical tail, it has one main effect on the vertical tail effec-
tiveness: it prevents the flow of over the vertical tail tip or root from the higher pressure to the lower
pressure side, known as the end-plate effect. Therefore increasing the effective aspect ratio of the
vertical tail as a winglet does for a wing [25] [31]. Results of the simulations of shifting the horizontal
tail over three horizontal positions and six vertical positions are presented in Figure 7.19.

Figure 7.17: Example of simulation with the horizontal tail at mid position shifted forward with 0.25 x/c. The difference
between the mesh of the V-tail and H-tail and vortex field can be seen

In Figure 7.18 the spanwise lift distribution of the vertical tail is plotted for the six different vertical
tail positions at a chordwise position of x/c¢ = 0. Results of the simulations of shifting the horizontal
tail over three horizontal positions and six vertical positions are presented in Figure 7.20.
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Figure 7.19: Change in vertical tail effectiveness with
changing H-tail height for 3 different chord-wise
positions, § =5°

Figure 7.18: Spanwise lift coefficient of the vertical tail
for the different H-tail positions with x/¢ =0,  =5°

It is clear from the results that the end-plate effect is the most prominent at the extreme positions
of the horizontal tail. It is also clear that the end-plate effect is significantly stronger when the hori-
zontal tail is placed at the top of the vertical tail (T-tail) position. A conventional tail gives a increase
of 4-10 percent while the T-tail configuration results in an increase of effectiveness of 30-40 %. This
was also as expected since the fuselage already works as an end-plate on the vertical tail and there-
fore this effect is the strongest for a T-tail configuration. In Figure 7.18 the lift distribution is given
for the vertical tail with the horizontal tail at the six different locations at the x/c¢ = 0 position. In the
figure the location of the horizontal is very clear as is causes a 'bump’ in the lift distribution. Is is
also very clear that when the horizontal tail is placed at the top position the spanwise lift generated
by the vertical tail is maximum.

Additionally it can be seen that the effect is the strongest when the horizontal tail is shifted aft
and decreases as the tail is shifted forward. This can be explained by the fact that when the tail is at
its aft position the end-plate effect is the largest, the horizontal tail covers almost the entire vertical
tail chord.

Validation with the DATCOM correction factor obtained by windtunnel measurements (Appendix
A) and the correction curve obtained by CFD by Della Vecchia are presented in Figure 7.20[32]. Note
that the CFD curves contains of two parts, causing the kink in the curve. When validating the re-
sults of the model with the windtunnel measurements and the results of the CFD analysis, it can be
seen that the end-plate effect for both extreme conditions is fairly well predicted. Also the trend of
the results is the same for all three, increase of the effectiveness at the bottom and top and a de-
crease in between. It can be seen however that the model over-predicts the effectiveness increase
in the middle section. The lowest point of the graph is at z;,/b,=0.3, while this is at z;/b,=0.4 for
the DATCOM graph and at z;,/b,=0.52 for the CFD correction curve. An explanation compared with
the windtunnel data is that the aspect ratio of the vertical tail used for the experiment is not given.
Another explanation is that the spread of both the model and the windtunnel measurement is rela-
tively large, leading to a fitted curve with a error percentage that can not be neglected.
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Figure 7.20: Effect of H-tail on V-tail validated with windtunnel measurement obtained for the DATCOM method and the
curves obtained by CFD analysis by Della Vecchia [32] [25] x/c =0

7.5. COMPARISON POTENTIAL FLOW MODEL TO DATCOM AND VEDSC

After the analysis of the isolated vertical tail and the interference effects working on the vertical
tail, without the propeller slipstream effects, it is now interesting to see how the complete model is
affected for different configurations in sideslip conditions. The side force coefficient of the vertical
tail of two example aircraft, the ATR 42 and the Fokker 50, are compared between the model and
the results obtained using the DATCOM and VeDSC method. This is presented in Table 7.1. The
simulated models are presented in Figure 7.21 and 7.22. Both models have been modelled without
the dorsal fin. Also for the DATCOM and VeDSC method no additional correction factor has been
applied for the dorsal fin to predict the influence on Cy,. This assumption is valid since the dorsal
fin mainly influences the maximum sideslip angle [15].

Table 7.1: Comparison between the side force coefficient obtained using DATCOM and the model

DATCOM[5] VeDSC[32] Model [rad] ‘ A DATCOM-Model A VeDSC-Model
Cyﬁv [[] ATR42 0.669 0.659 0.614 9% 7%
F50 0.614 0.595 0.553 11% 8%

For both aircraft, the model predicts the side force coefficient lower for both the VeDSC and the
DATCOM method. Both aircraft consist of a high wing configuration however the empennage con-
figuration between both aircraft is quite different. The Fokker consist of a conventional tail while
the ATR has a T-tail (z,,/b, = 0.9) configuration. Also the aft fuselage of the ATR is more slender
compared to the Fokker aircraft. Additionally the ATR consist of a vertical tail with a higher AR (1.56
- 1.21), neglecting the dorsal fins.

Since the fuselage and wing effect were already predicted significantly lower by the model it was
expected that for both aircraft the yawing coefficient would be predicted lower. The difference for
the ATR aircraft is smaller because for its T-tail the model predicts a larger interference effect than
for the DATCOM method (Figure 7.20). For the Fokker 50 aircraft the opposite is true, the effect of
the conventional tail is under predicted causing even a larger difference.

When comparing the results of the potential flow Model and the VeDSC method the differences are
smaller. The VeDSC method based on CFD simulations of turboprop aircraft configurations, esti-
mates the interference effect of the wing and fuselage closer to the model used in this research. This
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causes the difference between the side force coefficient of the complete model to be smaller com-
pared to the DATCOM method.

With respect to the DATCOM method it is important to note, as already stated in the problem state-
ment in the introduction, that the correction factors are based on windtunnel measurements for jet
aircraft from the 30’ until the 50’. For this reason the results in the VeDSC method, based on CFD
measurements of turboprop configurations, is assumed to be a more accurate prediction method
at this point. To have a better understanding about the accuracy it is recommended to perform new
windtunnel measurements and analyse the different effects by studying the sideforce coefficient of
the vertical tail and the yawing moment of the aircraft.

Figure 7.21: Modelling of the ATR42 aircraft: high wing, Figure 7.22: Modelling of the Fokker 50 aircraft: high wing
with T-tail configuration with a swept vertical tail. Wing with a conventional horizontal tail position. Tail is not
taper ratio of 0.8. swept. Wing taper ratio of 0.5

7.6. CONCLUSION ANALYSIS OF DIRECTIONAL STABILITY USING A POTEN-

TIAL FLOW MODEL

From the verification and validation of the sideforce coefficient of the vertical tail several conclu-
sions can be drawn. The sideforce coefficient of the vertical tail, dependent on the lift curve slope of
the vertical tail itself and the inference effects have been validated and verified. If both the isolated
vertical tail and the different inference effects are validated it can be assumed that the model can
predict the sideforce coefficient for aircraft with different fuselage, wing and empennage configura-
tions accurately.

The validation of the isolated vertical tail with the CFD data showed similar trends and sideforce
coefficient values, an error of 2-3% for all three different vertical tail aspect ratios, showing the po-
tential flow model can be used to predict the lift generated by the isolated vertical tail. Next the
different interference effects on the installed vertical tail have been studied and validated. For all
interference effects the potential model shows the same trends as the CFD data and the correction
curves used for the DATCOM method. Only for the fuselage the interference effect a under predic-
tion was found for the whole range of aft fuselage models. The error between the model and the CFD
results ranges from 7% for the 'thickest’ aft fuselage section to 5.5% for the most slender aft fuselage.
However the reason for this could be found in the modelling of the aft fuselage which is not exten-
sively described in the sources possible leading to incorrect modelling of the aft fuselage section in
this research. When finally comparing the installed vertical tail for the two example aircraft used
with the semi-empirical methods, the side force coefficient is under estimated comparing to both
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the DATCOM and the VeDSC method. Comparing to the DATCOM method the underprediction is
9% and 11% and comparing to the VeDSC 7% and 8% for respectively the ATR 42 and Fokker 50
aircraft. The VeDSC method, recently derived from measurements using a RANS solver, developed
for turbo-prop aircraft geometries, seems to be the most reliable to compare with. The underesti-
mation of the potential flow model can be explained by the under-prediction of the fuselage and
the for the Fokker 50 aircraft additionally the under prediction of the H-tail interference effect. The
short computational time of the potential flow model, =25 seconds without modelling the propeller,
shows promising functionality of the model to operate in a conceptual design tool.



3

ANALYSIS OF PROPELLER SLIPSTREAM
EFFECTS ON DIRECTIONAL STABILITY

In this chapter the results will be presented and described to analyse the effects of the propeller
slipstream on the aircraft’s directional stability. This will be done by first analysing the results of
the isolated vertical tail and the interference effects of the fuselage, wing and horizontal tail on the
installed vertical tail and finally evaluate the directional stability derivatives for two example aircraft.
The approach and the aircraft and propeller model as described in chapter 6 is used and the mesh
for the simulations is used as described in chapter 5. Additionally the effect of shifting the propeller
along the wing will be discussed for various wing positions. Unless stated differently for the specific
simulation, simulations are executed with a sideslip angle of 5 degrees in an OEI situation where the
starboard propeller is rotating IU.

In Figure 8.1 an example of a simulation is given for an OEI condition to obtain the results for
the wing interference effect for a mid-wing configuration. On the left side of the figure, the fuselage
vertical tail combination can be seen, the horizontal tail is left out at this point. On the right side of
the figure the propeller slipstream tube is visualised, leaving the right wing, for a propeller rotating
inboard up (clockwise). It can be seen that the propeller slipstream tubes follows the downwash
created by the wing and is shifted downwards at the vertical tail position. Finally also the influence
of the fuselage can be seen since near the fuselage the lift and therefore the downwash created
decreases.
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Figure 8.1: Example of a simulation for the wing interference effect under influence of the propeller slipstream. In the
centre of the figure the fuselage and vertical tail combination can be seen. On the right side, the propeller slipstream
tube is presented for inboard up rotating propeller. It can be seen that the slipstream tube follows the downwash created
by the wing and is displaced towards the fuselage

67
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8.1. ISOLATED VERTICAL TAIL UNDER INFLUENCE OF PROPELLER SLIPSTREAM

First the isolated vertical tail under the influence of a propeller slipstream will be discussed. This is
done to verify how the propeller influences the vertical tail compared to the no-propeller condition.
The isolated vertical tail is analysed to have a baseline to see in the end how all the interference
effects affect the side force created by the installed vertical tail under influence of the propeller
slipstream. In Figure 8.3 the results are shown for the three vertical tails presented in Figure 7.1
together with the results in the no-prop condition. The propeller has been modelled at the mid-
wing position in front of where the wing normally should be and at the same location the propeller
will be placed when investigating the interference effects. Both negative and positive side slip angles
have been evaluated for the condition where two propeller are active both co-rotating and with one
propeller operating, rotating IU positioned at the starboard side of the aircraft. The results have
been plotted together with the results obtained previously without the propeller slipstream effect.
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Figure 8.2: Illustrated effect of the propeller on isolated Figure 8.3: Comparison between side force generated by
vertical tail under a sideslip angle the vertical tail between no-propeller and propeller
condition

Table 8.1: Side force coefficient created by the vertical tail for the various conditions

Bl°] -5 5

0

Cy,[-] No-Prop AR =1 -0.019 0 0.019
AR=1.5 | -0.027 0 0.027

AR =2 -0.039 0 0.039

1-PropIU AR=1 -0.021 -0.005 0.021

AR=1.5 | -0.028 -0.005 0.027

AR =2 -0.039 -0.006 0.037

2 -Prop AR =1 -0.022 0 0.021

AR=1.5 | -0.030 0 0.026

AR =2 -0.041 0 0.038

From the results it can be seen that for all three vertical tails the side-force created increases slightly
for a positive and a negative sideslip angle with the propeller installed. However the effect is found
to be small for the isolated vertical tail, max 4%. What directly can be noticed is that for the one pro-
peller case, the sideforce at the vertical tail is not zero at zero degree angle of sideslip, because of the
asymmetric condition. This effect for the isolated vertical tail is still not very significant, however
this effect will increase once the wing and fuselage are installed, presented later in this research. An
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explanation of this condition can be seen the left illustration in Figure 8.4

The small effect of the propeller on the vertical tail is mainly caused due to the fact the propeller
slipstream only affects the root of the vertical tail. A sketch of the different situations is presented in
Figure 8.2. The first situation represents the vertical tail under a side-slip angle. The second situa-
tion represents the second situation where two co-rotating propellers are operating. The circulation
created by the propeller causes the inflow angle at the root of the vertical tail to be increased slightly
compared to the free stream. This increase of inflow angle at the root causes the lift generated at the
root to be slightly increased, creating a larger side force coefficient by the vertical tail. Also it was
found that at the root of the vertical tail the inflow velocity was slightly increased under influence of
the propeller slipstream. For the one propeller condition the same was found regarding the inflow
angle. For a negative sideslip angle as shown in Figure 8.2 the inflow angles slightly increases at
the root creating a larger side force coefficient. It can be concluded that the force generated by the
vertical tail because of the sideslip dominates the force created by the vertical tail, as the sideforce
is only increased 3% to 4% for the different vertical tails.
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Figure 8.4: Effect of the propeller on isolated vertical tail. First situation represents the OEI condition under zero degree
angle of sideslip. The second situation is the OEI condition with a positive sideslip angle

In the right of Figure 8.4 the situation is sketched for the OEI condition, rotating inboard up with
a positive sideslip angle. It was found that the propeller slipstream under influence of the side slip
angle moves towards the vertical tail. The propeller slipstream tube causes an increase in velocity of
the flow at root of the vertical tail, increasing the side force created. However the circulation of the
propeller on the other hand also decreases slightly the inflow angle, decreasing the net increase of
the sideforce. It can be concluded that the force generated by the vertical tail because of the sideslip
dominates the force created by the vertical tail, as the sideforce in only increased 3 to 4% for the
different vertical tails.

8.2. FUSELAGE INTERFERENCE EFFECT ON THE VERTICAL TAIL UNDER IN-

FLUENCE OF A PROPELLER SLIPSTREAM
After the isolated tail is evaluated, the interference effects under influence of the propeller slip-
stream on the installed vertical tail will be assessed. As discussed before, the fuselage influences
the vertical tail in two ways: increase of sidewash over the vertical tail and an end-plate effect on
the lower side of the vertical tail. Now it will be evaluated for how these effects are influenced by
the propeller slipstream. The side force coefficient of the fuselage-vertical tail and propeller combi-
nation have been compared with the side force coefficient for the isolated vertical tail without the
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propeller installed, obtained previously. Having executed the same simulation without a propeller
allows for good comparison how the effect is influenced. The propeller slipstream effect on fuse-
lage interference effect has been illustrated in Figure 8.5. The additional sidewash created by the
fuselage (Vsin(f — o)) is now increased with the extra velocity created by the propeller slipstream
(AV}). The propeller slipstream increases the crossflow the vertical experiences as compared to the
no-propeller situation. The increase of this crossflow increases the lift force created at the root of
the vertical tail, increasing the sideforce of the vertical tail.
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Figure 8.5: Illustration to sketch the influence of the propeller slipstream on the fuselage interference effect

The propeller has been modelled at mid-wing position, at its location in front of the wing at span-
wise location (y/D= 1.05) without the wing being present. A sketch of the approach to obtain the
effectiveness ratio can be seen in Figure 8.6. The propeller has been modelled rotating IU posi-
tioned at the starboard side of the aircraft.

In Figure 8.7 the results are presented for the fuselage interference effect with the propeller installed
(prop-on) plotted together with results obtained previously in Section 7.2. For the prop-on condi-
tion the results are plotted both for a sideslip angle of 5 or -5 degrees, to show that the asymmetrical
thrust and the propeller slipstream are influenced depending on the sideslip angle.
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Figure 8.6: Approach to isolate the effect of the
fuselage-propeller combination - OEI condition,
starboard propeller installed turning IU
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Figure 8.7: Fuselage effect, comparison between the
fuselage interference effect between the prop-off and
prop-on condition. Propeller rotating IU, T, = 1.2.
Comparison of the results for the § =5 and 8 = -5 for the
prop-on condition.

Propeller-Fuselage Effect: First it can be seen that the propeller has increased the fuselage effect
when compared to the no-propeller situation for both the positive and the negative sideslip angle.
The end-plate effect of the fuselage is assumed to constant however this increase can be explained
by the increase of sidewash at the vertical tail (Z—%). The propeller slipstream tube consisting of
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higher pressure and velocity then the free stream increases the sidewash and the force generated by
the vertical tail.

From the results it can be seen that the increase of effectiveness of the vertical tail is different for the
positive and the negative sideslip angle as expected. For the situation where the propeller slipstream
shift towards the fuselage the fuselage interference effects increase as expected. The difference be-
tween both situations is approximately 10 % for b,/ Fp close to 1 and decreases to 5%.

8.3. WING INTERFERENCE EFFECT ON VERTICAL TAIL UNDER INFLUENCE OF

A PROPELLER SLIPSTREAM

The second interference effect discussed under the influence of the propeller slipstream is the wing
interference effect. This has been done using the same approach as for the situation there was no
propeller installed. The wing position and aspect ratio influence the lift distribution and the flow
over the fuselage, changing the circulation and sidewash at the vertical tail. First the wing interfer-
ence will be discussed under the influence of a propeller for a side slipping flight (8 = 5°). Secondly
the effect of the propeller and wing position on the vertical tail and aircraft will be discussed without
a sidelslip angle (8 = 0°).

The spanwise axial velocity behind the propeller is presented in Figure 8.8 for a thrust coefficient
(T,) of 1.2. It can be seen that the axial velocity increases significantly behind the blade section for
both the up and down-ward going blade. Because the lift coefficient is directly related to the speed
(Kutta-Joukowski theorem), the effect of the axial velocity increase can directly be seen in Figure
8.10 where the spanwise lift coefficient for the various wing positions is presented. Round zero a
small bump can be seen in the velocity profile induced by the presence of the fuselage.
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Figure 8.8: Axial velocity of the flowfield behind the propeller blade, Vo, = 30[m/s]

The position of the wing is varied from a low to a high wing position, additionally the wing aspect
ratio is varied between 5 and 15. This has been done by placing a rectangular wing on the fuselage
at three different positions (hw/rf), low-wing (hw/rf = —1), mid-wing (h,,/ rr=0), and high-wing
(hw!/ry =1). It must be noted that the propeller position is varied with the wing position, the z-
location of the propeller centre axis is placed at the same height as the wing. The propeller is mod-
elled at y/D of 1.05 on the starboard side, rotating IU.

In Figure 8.9 and Figure 8.10 the spanwise circulation and lift coefficient are given under influence
of the sideslip and the propeller slipstream. When comparing the circulation distribution to circula-
tion distribution without the propeller installed, Figure 7.11 the effect of the propeller can be clearly
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seen. The increase in circulation on the upward going side and the decrease in circulation for the
downward going side of the propeller. For the high wing position the combination of the sideslip
angle, causing a increase in circulation in the forward semi-wing, and the propeller cause a strong
peak in the circulation distribution. As stated before the lift coefficient is directly dependent on the
velocity of the stream and the circulation. Combining therefore the velocity distribution of Figure
8.8 and the circulation of Figure 8.9 results in the lift coefficient distribution presented in Figure
8.10. The sharp peak in of the high wing can be seen again as expected. The increased lift coef-
ficient at the starboard side of the fuselage, causes also a strong downwash behind the wing. The
circulation created round the fuselage, causing the wing interference effect on the installed vertical
tail (Figure 2.5), is increased. Therefore the wing interference effect is stronger as compared to the
no-prop condition.
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Figure 8.10: Lift distribution over the wing (AR=12) and
fuselage under a 5 degree sideslip under influence of a
inboard up rotating propeller (T, = 1.2) for a low, mid
and high wing position

Figure 8.9: Circulation distribution over the wing
(AR=12) and fuselage under a 5 degree sideslip under
influence of a inboard up rotating propeller (7, = 1.2)

for a low, mid and high wing position

The increase of wing interference effect under the influence of the propeller slipstream has been
illustrated in Figure 8.11. The increased lift and therefore downwash at the starboard side caused
by the propeller slipstream, increases the circulation round the fuselage in clockwise direction. This
causes a decrease of the inflow angle at the root region of the vertical tail, decreasing the lift created.
This can be seen in Figure 8.12. Here the lift distribution of the vertical tail has been plotted for the
three wing positions. In the root region of the vertical tail, up till 20%, a significant difference can be
seen in the lift created. Compared to the mid wing position, the lift created by the vertical tail of the
low wing is slightly increased however a significant decrease can be seen for the high wing position.
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tail
The side force coefficient of the vertical tail at mid-wing position has been chosen as reference point
(Cy,,) and the high-wing and low-wing position have been compared with this reference point to
see the effect of changing the wing and propeller position on the side force created by the propeller.
Therefore the graphs show the side force coefficient of the vertical tail under influence of the wing-
fuselage-vertical tail combination (Cy, ) relative to this reference point (Cy,,), this is illustrated
in Figure 8.13. Where the first graph shows the effect under a five degree sideslip.
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Figure 8.13: Approach to isolate the effect of changing the
wing position with the propeller installed
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Figure 8.14: Vertical tail side force coefficient ratio plotted
for alow (hw/rf =0) to a high wing (hw/rf =1)
configuration for 4 different wing aspect ratios (8 = 5°)

As for the case with no propeller installed, the tail effectiveness decreases as the wing shifts from
a low to a high wing position, see Figure 8.14. This effect is mainly caused by the change in circu-
lation distribution over the wing-fuselage combination as explained above. This circulation is now
additionally affected by the propeller causing a steep increase a the upward going side and a small
decrease at the down-going side of the propeller.

The circulation created round the fuselage causes the tail to become more effective for a low wing
configuration and less effective for a high wing configuration. It can be seen from Figure 8.9 that
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the difference in circulation due to the presence of the propeller is more significant, where the cir-
culation is plotted for a wing aspect ratio of 12 at low, mid and high-wing position. It most be noted
however that the results have been plotted in comparison to the mid-wing position.

Yawing moment coefficient created by propeller slipstream under zero degree angle of sideslip

The simulations performed at zero degrees sideslip is an expansion to the work previously per-
formed with the potential flow model and was recommended by one of the previous authors, to
evaluate the yawing moment coefficient for different wing configurations for an aircraft in OEI con-
ditions. Since the propeller location changes with the wing position, the flow round the aircraft is
changed. In comparison to the previous section, where it was found that the vertical tail becomes
less effective for a high wing configuration under a sideslip angle, it is now shown in the next 4 fig-
ures that the yawing moment coefficient of the aircraft increases as the wing is shifted from a low
to a high wing position when there is no sideslip angle for an OEI condition. As the wing and the
propeller are shifted up, the influence of the propeller on the vertical tail increases. The IU rotat-
ing propeller causes a clockwise circulation distribution at the root of the vertical tail. This causes
a crossflow over the vertical tail creating a side force. This sideforce is creating a negative yawing
moment in the same direction as the starboard propeller is creating, destabilising the aircraft. The
effect of the propeller on the aircraft and vertical tail have been illustrated in Figure 8.15.
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Figure 8.15: Illustration of the simulation with OEI condition at starboard side turning inboard up at zero degrees angle
of sideslip (8 = 0). Crossflow at the vertical tail causes a destabilizing sideforce to be created by the vertical tail

In Figure 8.16 the crossflow over the vertical tail (V),/ V) is plotted and in Figure 8.17 the lift coef-
ficient created by the crossflow is presented. It can be seen that the crossflow is especially present
in the root region of the vertical tail. From the lift coefficient graph it can be seen that the effect is
significant for the high wing position, since the propeller has a greater influence.
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Figure 8.16: Crossflow at the vertical tail for low, mid and
high wing position for an IU rotating propeller (T, = 1.2)
placed at the starboard position at zero degrees sideslip placed at the starboard position at zero degrees sideslip
(B=0°) (B=0°)
In Figure 8.18 and Figure 8.19 the results are shown for a zero degree angle of sideslip. In Figure 8.18
the yawing moment coefficient of the complete model (Cy,, ) is divided by the yawing moment
of the complete model at mid-wing position (C,,). To analyse how the yawing moment coefficient
changes as the wing position is shifted up from a low wing to high wing configuration. In figure

8.19 the yawing moment coefficient generated by the various parts for the different wing locations
is shown to explain the results.

Figure 8.17: Lift at the vertical tail for low, mid and high
wing position for an IU rotating propeller (7, = 1.2)
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Figure 8.18: Yawing moment coefficient ratio in OEI
condtion, IU rotating propeller (T, = 1.2), made
non-dimensionless with the mid-wing position at a
sideslip of 0 degrees

As the wing shifts up it can be seen that the yawing moment coefficient increases, this was also
found in literature [24]. The change of yawing moment is significant and is around 20% for all as-
pect ratios. It can be seen that the effect is not symmetrical and is twice as large for the high wing
position compared to the low wing position. This was also already found in the lift distribution over
the vertical tail.

At zero degree angle of sideslip the moment created by the propeller on the fuselage and tail
works in the same direction as the propeller itself, see Figure 8.18. The forces created on the fuse-

Figure 8.19: Build up of the yawing moment coefficient
for AR=12 plotted for a low to a high wing configuration,
IU rotating propeller (T, = 1.2)
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lage and vertical tail thus adversely affect the aircraft directional stability in OEI situation. As the
propeller, attached to the wing, shifts up, especially the yawing moment coefficient created by the
fuselage increases (Figure 8.19). Note that this yawing moment coefficient is only induced by the
rotating propeller since the sideslip angle is zero. The propeller slipstream tube causes an increase
in crossflow over the fuselage and vertical tail, especially at the root section of the vertical tail. In
case of a high wing position the downwash behind the wing causes the propeller slipstream tube to
be nicely aligned next to the fuselage causing the crossflow created to be larger. Concluding that a
high wing position in an OEI conditions results in a 20 % increase of the yawing moment coefficient
generated by the aircraft as compared to a low wing position. To cope with the increased yawing
moment, the aircraft shall need extra rudder input to be able to maintain directional control in this
condition.

8.4. HORIZONTAL-TAIL INTERFERENCE EFFECT UNDER INFLUENCE OF A PRO-

PELLER SLIPSTREAM

In this section the interference effect of the horizontal tail on the installed vertical tail will be ex-
plained under the influence of a propeller slipstream. The same approach has been used for the
situation where there was no propeller installed. A tapered horizontal tailplane, of constant size
and aspect ratio, is mounted in six positions on the vertical tail and one on the fuselage, at the quar-
ter chord position of the vertical tail.

Next the horizontal tail position is also shifted horizontally (in x-axis direction). The horizontal tail
is shifted a quarter chord forward (x/c= -0.25) and a quarter chord backwards (x/c =-0.25). All the
positions with regarding to the vertical tail position are sketched in Figure 7.16. All measurements
are done with an OEI condition, starboard propeller rotating IU, under a sideslip angle of 5 degrees.

The approach used to isolate the effect of the horizontal tail is sketched in Figure 8.20. The side force
of the complete model including the horizontal tail, thus including the fuselage, wing and vertical
tail and propeller (Cy,, . ) is divided by the side force coefficient calculated in the previous part for
a mid wing aircraft without the horizontal tail (CYprv ).
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Figure 8.20: Approach to isolate the effect of changing the position of the horizontal tail. The side force coefficient
including the H-tail is divided by the model whiteout the H-tail.

As stated in in Section 7.4 the horizontal tail has one main effect on the vertical tail: the horizontal
tail prevents the flow from going from the higher pressure side to the lower pressure side, increasing
the ’lift’ generated by the vertical tail, effectively increasing the effective aspect ratio of the vertical
tail. This effect is known as the end-plate effect and can be compared to the effect of a winglet on a
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wing.

The results of shifting the horizontal tail over six positions vertically, from a conventional tail to a
T-tail, and three positions horizontally are shown in Figure 8.21. The results are again generated
with a OEI condition, the propeller turning inboard up at a T, of 1.2 and with a sideslip of 5 degrees.

1.4
+ x/c=0
— — ~x/c=0fitted
13| © x/(c=025 1
——=x/c=0.25 fitted x L, i
X x/c=-0.25 ey
12 x/c =-0.25 fitted P
o i [
T . Vo
>>; X Pl S
Yo —= :
£ x Ry
. . e
v ot -
TF \.\%\«‘———‘4’ + )
09t o 5
0.8 :
0 0.2 0.4 0.6 0.8 1

z h/ bv [-]

Figure 8.21: Side force coefficient ratio showing the effect of adding a horizontal tail on the side force created by the
vertical tail. Shifted from a conventional tail (z;,/b, = 0) to a T-tail configuration (z5,/by =1), T, = 1.2, f =5°.

The results show a similar trend to the no-propeller situation. The horizontal tail increases the ef-
fectiveness of the vertical tail at its two outer positions with a slight decrease at the middle position.
Again it is found that the end-plate effect at the top position (T-tail) configuration is stronger (24%
to 32%) than its effect at the bottom (0 to 6%). This is due to the presence of the fuselage already
working as an end-plate at the bottom position.

Regarding the chordwise position of the horizontal tail again the same trends can be seen as for the
situation with no propeller. When the horizontal tail is shifted a quarter chord backwards (x/c =-
0.25) the interference effect is larger. At this location the horizontal tail is placed at the middle of the
vertical tail, almost covering the complete vertical tail chord span, preventing cross-flow over the
vertical tail. The opposite happens when the horizon tail is shifted forward. Less chordwise span
of the vertical tail is 'covered’ by the horizontal tail. It must be noticed that the spread of the data
points can not be neglected and there is an error in the fitted curve, especially for the x/c=0.25 line.

When the results are compared to the no-propeller situation it can be seen that the results show the
same trend, see Figure 8.22. The biggest difference (9%) that can be noticed is the interference effect
of the T-tail configuration (z/b, =1).
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Figure 8.22: Comparison of H-tail interference effect for prop-off and prop-on condition

8.5. EFFECT SPANWISE PROPELLER LOCATION ON DIRECTIONAL STABILITY

To make this research complete, not only the effect of configuration changes is examined but also
the location of the propeller itself. The propeller location, its spanwise position on the wing, has
been modified to see the effects on the yawing moment coefficient (C,. To make this location again
non-dimensionless, the ratio has been taken between the distance between the location of the pro-
peller centre axis and the fuselage centre axis (denoted as y) and the propeller diameter (denoted
as D). This is shown in Figure 8.23. The wing and propeller location have been shifted over three
positions, low,mid and high-wing configuration to see the effect of changing the wing and propeller
position vertically.

Changing the propeller’s spanwise position has two mayor effects. First the moment arm in-
creases as the propeller shift more outboard increasing the moment generated. Secondly when the
propeller is placed more closely to the fuselage, interference effects between the propeller and the
fuselage and the vertical tail occur. To examine these effects the wing position has been evaluated
at three positions, low-,mid- and high-wing position.

In Figure 8.24 the results are shown for the simulations and are validated with the windtunnel mea-
surements of Mannée. To be able to compare the yawing moment coefficient to the windtunnel
measurement of Mannée the model has been adapted. The configuration as described by Mannée
has converted to a new aircraft geometry model and has been used for the simulations. The results
are generated for an OFEI condition with the propeller rotating IU at zero degree angle of sideslip.
The configuration and results of Manée can be found in Appendix B.
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Figure 8.24: Yawing moment coefficient plotted against
the propeller location on the wing for three wing
positions

As expected the yawing moment increases as the propeller is moved more outboard. The linearly
increased moment arm causes a linear increase in yawing moment as expected. Regarding the wing
position it can be seen that as the wing shift up the yawing moment increases. This was also al-
ready found when investigating the wing interference effect in Section 8.3, confirming the results
found previously. Especially when the propeller is placed at the wing root the wing position has
the biggest influence on the yawing moment coefficient. This is a logical effect since when the pro-
peller is placed more inboard the interference effects become more significant. At the low wing
position the downwash of the wing causes the vortex field to be underneath the fuselage lowering
the interference effects compared to the high wing configuration. When comparing the results to
the measurement it can be seen that the model and the measurement have the same trend. For both
the model and the measurements the high-wing generates the largest moment and the moment in-
creases as the propeller is moved more outboard. The prediction for the low-wing is underestimated
from the inboard to outboard position however for the high-wing it fluctuates round the measure-
ment data. The model seams to over-predict the interference effect at the more inboard positions
while the measurement data increases linearly as the propeller arm increases linearly.

8.6. DIRECTIONAL ANALYSIS COMPLETE AIRCRAFT CONFIGURATION

After the isolated tail and the individual interference effects have been analysed under the influence
of the propeller slipstream, the model is now used to analyse the complete aircraft model. Again
the two example aircraft, the Fokker 50 and the ATR 42, will be used and the directional stability
coefficients are evaluated with the results obtained without the propeller been installed. First the
sideforce coefficient of the vertical tail is discussed in a sideslipping flight and secondly the yawing
coefficient created in OEI conditions with zero degrees angle of sideslip will be discussed.

Evaluation Cy,; Finally to compare the effects of complete aircraft on the side force coefficient of
the vertical tail under a sideslip angle (Cy, ), which is one of the most important coefficients in
preliminary design of the vertical tail, a comparison is made between the side force coefficient of the
vertical tail with and without the propeller installed. This is presented in Table 8.2. The simulation
with propeller is done with an OEI condition with the starboard propeller turning IU with a thrust
coefficient of 1.2.
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Table 8.2: Comparison between the side force coefficient of the vertical tail under a sideslip angle between the propeller
installed and no-propeller installed condition

Aircraft No-Propeller Propeller A
Cy,, [[] ATR42 0.592 0.627 6 %
Fokker 50 0.572 0.609 7%

Analysing the isolated vertical tail and the interference effects working on the installed vertical tail,
it was found that the propeller influences the side force created. Especially for the fuselage and
wing effect it was found that the side force coefficient is significantly influenced depending on the
configuration of the aircraft. For both example aircraft, consisting of a high wing configuration and
similar fuselage shape the increase therefore is almost equal (6 and 7%). This increase in yawing
force created by the propeller, for which now a better understanding is created, should be used to-
wards a more efficient design in the conceptual design phase.

Evaluation of C,, for §§ = 0; Next the yawing moment coefficient (C,,) for the two example aircraft are
evaluated in OEI conditions. The yawing moment coefficient of the aircraft in OEI is an important
parameter in the conceptual design of the vertical tail of turbo-prop aircraft and driving the vertical
tail design (Section 2.1). The yawing moment coefficient created in OEI conditions by the propeller
and aircraft must be balanced by a restoring moment created by the rudder. Having a more accu-
rate prediction of the yawing moment coefficient in OEI conditions in the conceptual design phase
will lead to a more efficient design of the vertical tail. It was already found in literature that the IU
rotating propeller has largest effect on the yawing coefficient [23] [25]. To see the difference of the
rotating direction on the complete configuration both inboard and outboard up conditions are now
evaluated.

For both aircraft the same propeller shape and geometry have been used has been used to eval-
uate the different aircraft configurations. The yawing moment for both aircraft are given in Table 8.3.

In Figure 8.25 the lift distribution is given for the OU and the IU rotating propeller for the Fokker 50
aircraft configuration at zero degrees angle of attack and sideslip. The peaks created by the propeller
can be clearly seen. For the IU rotating propeller the peak is more inboard (y/b/2 = 0.2) compared
to the peak for the OU rotating propeller (y/b/2 = 0.4). It can also be seen that the lift coefficient
peak created for the OU rotating propeller is slightly higher compared to the IU rotating propeller
(0.625 - 0.6). This is to the fact, the peak of the IU rotating propeller already experiences the effect
of the fuselage decreasing the lift coefficient.
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Figure 8.25: Spanwise lift distribution for the modelled Fokker 50 aircraft, & = 0, § =0, Tc = 1.2, Wing properties of Table
5.2

Table 8.3: Yawing moment coefficient for the two example aircraft configurations in OEI conditions under zero degree
angle of sideslip, modelled with the same propeller at T, = 1.2

Aircraft 10U ou A
ATR 42 0.0330 0.0262 26%
Fokker 50 0.0340 0.0265 28%

Cn -]

First it can be noted that the difference between the OU and IU rotating propeller is significant for
both configurations. The increase of yawing moment increase (26 - 28 %) indicates why co-rotating
propeller aircraft have a critical engine. The critical engine, whose failure would most adversely af-
fect the performance or handling qualities of an aircraft, is therefore the OU rotating engine, leading
to a significant increase of the yawing moment coefficient. To explain the difference in yawing force
created, Figure 8.26 and Figure 8.27 are presented.
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Figure 8.26: Spanwise sidewash over the vertical tail at the
quarter chord position for both IU and OU condition

Figure 8.27: Spanwise lift coefficient created by the
vertical tail for both IU and OU condition

From Figure 8.26 it can be seen that the sidewash in case of the IU rotating propeller is three times
larger at the root of the vertical tail compared to the OU rotating condition. The increased sidewash
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coefficient creates a larger lift coefficient over the vertical tail (Figure 8.27). The difference in side-
wash over the vertical tail explains the increase of yawing moment generated by the aircraft between
the IU and OU rotating propeller. As expected the differences in sidewash between the Fokker 50
model and the ATR 42 are very small since the same propeller is mounted at approximately at the
same position. However in the spanwise lift distribution over the vertical tail significant differences
are found. First it must be said the Fokker 50 aircraft consist of a vertical tail with a bigger root and
tip chord and therefore more area. The increased area causes an increase in lift coefficient. From
the shape of the curves clearly the T-tail effect can be seen for the ATR 42 aircraft. The lift distri-
bution, compared to the trend of the Fokker 50 aircraft, generates more lift at the tip section of the
tail. Where the Fokker 50 tail shows a almost linear decrease towards the tip of the vertical tail. The
endplate effect of the T-tail causes the decrease towards the tip to be less until the position of the
vertical tail at b, /z = 0.95.

It was found under a zero degree angle of sideslip that the moment created by the conventional tail
is similar to that of a T-Tail configuration. The horizontal tail is emerged in the propeller wake while
the horizontal tail in the T-tail configuration stays out of the wake, this having specifically effect
on the longitudinal stability which is out of the scope of this research. The propeller slipstream
wake under influence of the downwash of the wing is displaced downwards and more inboard due
to the lower pressure near the fuselage. The propeller of the Fokker 50 is positioned slightly more
inboard, which creates a smaller yawing moment however the more inboard position increases the
interference effects as explained in Section 8.5.

The rear view of the OEI condition rotating OU for both aircraft is presented in Figure 8.28 and
Figure 8.29. It can be seen that the vortex sheet created by the wing and the propeller stays clear of
the horizontal tail for the ATR 42. It is recommended in further research to examine the effects of
the wing and propeller vortex sheet on the horizontal tail to evaluate its effects.

Figure 8.28: Rear-view of model, simulating ATR42
aircraft with OEI conditions, rotating outboard up Figure 8.29: Rear-view of model, simulating Fokker 50
aircraft with OEI conditions, rotating outboard up
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CONCLUSION & RECOMMENDATIONS

In the last chapter of this research procect the conclusions and recommendations for future re-
search are presented.

9.1. CONCLUSION

To improve the vertical tail design in the conceptual design phase, the objective of this research
was to analyse and identify the effects of the propeller slipstream on the aircraft directional stability
derivatives for different aircraft and empennage configurations by expanding and using a potential
flow model.

Since the propeller slipstream effects on the vertical tail are largely dependent on the lift distribution
over the wing-fuselage combination under influence of the propeller slipstream, first an extensive
verification and validation has been performed on the spanwise lift coefficient. From the validation
of the spanwise lift coefficient the following conclusions can be made:

From the verification and validation of the spanwise lift coefficient of the propeller-wing-fuselage
combination it was found that the accuracy of the model decreases when put under an angle of at-
tack. The spanwise lift coefficient behind the down going blade is overestimated compared to the
experimental data and the VLM method. The increase in the model is caused by the down going
blade experiencing an increased angle of attack, producing an increase in the axial velocity behind
the blade. However this effect is overestimated by the potential flow model. For the low thrust con-
dition the error between the experimental data and the model is relatively small (max 10%) and
the same trend can be seen in the data. From the verification and validation of the spanwise lift
distribution calculated by the potential flow model it is concluded that the model shows sufficient
accuracy for the prediction of the spanwise lift coefficient of the wing-fuselage-propeller combina-
tion under the influence of the propeller slipstream at low angles of attack in the conceptual design
phase. Analysing previous research it was concluded that the yawing moment coefficient for a low
to a high thrust coefficient for the condition without flaps shows accurate results with the windtun-
nel measurements of Mannée. It was found that deploying the flaps leads to a significant error up to
50% for the yawing coefficient of the complete model. Therefore, flaps are left out of scope for this
research project.

From the sensitivity analysis the minimum amount of panels is determined where convergence of
the results is found. Since the computational time increases significantly with the amount of panels
in flow direction, the amount is kept at a minimum of 75 panels. The computational time for the
model without the propeller installed is =25 seconds and with one propeller installed =50 seconds.

From the validation of the parametric analysis of the aircraft directional stability derivatives without
the propeller slipstream effects several conclusions can be drawn:

83
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The validation of the isolated vertical tail with the CFD data showed similar trends and sideforce
coefficient values, an error of 2-3% for all three different vertical tail aspect ratios, showing the po-
tential flow model can be used to predict the lift generated by the isolated vertical tail. Next the
different interference effects on the installed vertical tail have been analysed and validated. For all
interference effects the potential model shows the same trends as the CFD data and the correction
curves used for the DATCOM method. Only for the fuselage interference effect an under prediction
was found for the whole range of aft fuselage models. The error between the model and the CFD
results ranges from 7% for the 'thickest’ aft fuselage section to 5.5% for the most slender aft fuselage.
However the reason for this could be found in the modelling of the aft fuselage section which is
not extensively described in the sources and could therefore be slightly different than the approach
used in this research.

In a final step of this analysis the installed vertical tail for the two example aircraft using the
semi-empirical methods are compared with the potential flow model. The side force coefficient
is under estimated for both the DATCOM and the VeDSC method. Comparing to the DATCOM
method, the under prediction is 9% for the ATR 42 and 11% for the Fokker 50 aircraft. Comparing
to the VeDSC method the under prediction is 7% and 8% for respectively the ATR 42 and Fokker 50
aircraft. The VeDSC method, recently derived from measurements using a RANS solver, developed
for turbo-prop aircraft geometries, seems to be the most reliable to compare with. The underesti-
mation of the potential flow model can be explained by the under-prediction of the fuselage and the
for the Fokker 50 aircraft additionally the under prediction of the H-tail interference effect.

It can be concluded that the potential flow model, a low fidelity analysis tool, predicts the
side force coefficient of the isolated and the installed vertical tail for various aircraft configurations
within reasonable error. The short computational time of the potential flow model, =25 seconds
without modelling the propeller, allows for the usage of the model in a conceptual design tool.

Following the extensive analysis and validation of the results without the propeller slipstream, in
the second part of the results the influence of the propeller slipstream on the directional stability is
analysed and the following conclusions can be made:

For the isolated vertical tail only a slight increase was found in the side force coefficient created by
the vertical tail under influence of the propeller slipstream (2-3%), depending on the conditions. In
the one engine operative condition, already a small sideforce was created under zero degrees angle
of sideslip due to the asymmetric thrust condition.

Compared to the prop-off situation the effects of installing a fuselage on the vertical tail has in-
creased under influence of the propeller slipstream. Due to the propeller slipstream the crossflow
is increased, which in turn increases the effectiveness of the vertical tail from 10% for the thickest
aft-fuselage (b,/ fp = 1.1) section to 5% for the most slender aft fuselage section (b, / fp = 4.8).

For the influence of the propeller slipstream on the wing interference effect an extensive anal-
ysis has been conducted. It was found that the positive sideslip angle in combination with a high
wing configuration causes a strong peak in the spanwise lift coefficient distribution for an IU rotat-
ing propeller. The strong asymmetric lift distribution causes a circulation to be created around the
fuselage decreasing the vertical tail effectiveness 3% to 5% depending on the wing aspect ratio. For
a low wing the opposite is true, the strong circulation peak is reduced due to the low wing configu-
ration, experiencing a lower angle of attack near the fuselage region. For this reason an increase in
effectiveness is found compared to the mid wing position ranging from 5% to 8% depending again
on the wing aspect ratio.

When there is no sideslip angle, the high wing configuration causes the cross flow over the fuse-
lage and vertical tail to be significantly stronger than for a low wing configuration. For this reason
the lift coefficient created by the vertical tail in the root region is three times as high for the high
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wing as compared to the low wing aircraft. In total increasing the yawing moment coefficient in OEI
condition with an IU rotating propeller for a high wing with almost 20% compared to a low wing
configuration.

For the interference effect of the horizontal tail under the influence of the propeller slipstream
it was found that the end-plate effect of the horizontal tail is smaller for both the low (3% lower)
and T-tail configuration (8% lower). Finally, the effects of the lateral position of the propeller were
investigated and validated with windtunnel data obtained by Mannée. As the propeller is placed
more outboard the moment arm of the propeller increases, increasing the yawing moment created
by the propeller. However, it could also be seen that the more inboard location leads to an increase
of the inference effects between the propeller, fuselage and the vertical tail. For the OU rotating
propeller the yawing moment coefficient is under-predicted by the potential flow model, the error
is almost constant and ranging from 7% to 5% from an inboard to more outboard location. For the
IU rotating propeller the results of the potential flow model fluctuate around the experimental data
with a maximum error of 5%.

When evaluating the complete aircraft configuration the side force created by the vertical tail
under a sideslip angle (Cy, ) increases with 5% to 7% under the influence of the propeller slipstream.
When evaluating the yawing moment coefficient of the two example aircraft with zero degree angle
of sideslip the influence of the rotation direction is very clear. The IU rotating propeller generates a
yawing moment which is 26% to 28% larger compared to the OU rotating propeller generating the
same thrust. Failure of the critical engine will cause the yawing moment to be significantly higher,
mainly caused by the increased crossflow over the fuselage and vertical tail.

In conclusion, contrary to the current vertical tail design process, based on semi-empirical relations
where the influence of the propeller slipstream on the directional stability is almost neglected, the
potential flow model calculates the directional stability derivatives of the actual aircraft configura-
tion for different conditions under the influence of the propeller slipstream. It was found that the
effects of the propeller slipstream change significantly depending on the configuration of the air-
craft, where especially the wing position in combination with the propeller position have the biggest
influence. The potential flow model calculates the forces and moments of the various parts of the
aircraft, with a computational time of =50 seconds, showing promising results and functionality to
operate in a conceptual design tool. However, the analysis of aerodynamic effects of the propeller
slipstream on the aircraft have only been validated for a single condition using the measurements of
Mannée. Extensive validation is first needed before the model can be implemented. Furthermore
it is not possible to model any viscous effects using the model, limiting its use to small angles of
sideslip and angles of attack.

9.2. RECOMMENDATIONS

Itis recommended to perform an extensive validation of the results under influence of the propeller
slipstream, especially on the side force coefficient of the vertical tail (Cy, ). So far, only the wind-
tunnel data of Mannée has been used for validation of the propeller slipstream effects. Validation
of the sideforce coefficient of the different configurations under the influence of the propeller slip-
stream will give more certainty about the accuracy of the model, predicting the directional stability
derivatives under the influence of the propeller slipstream.

According to literature it is known that the flaps have a significant influence on the lift distribution
and on the yawing moment in OEI conditions. Therefore, it is recommended to asses the current
flap model in the potential flow model and update and validate it such that it can be used for analysis
in the future. However due to the large angle of attack at which flaps are deployed (10-40 degrees)
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viscous forces will start to develop, which cannot be modelled using a potential flow model.

The model, operated without the propeller, only needs a run-time of =25 and with a propeller =50
seconds, making it a feasible solution for a conceptual design tool. Additionally to the calculation of
the forces and moments working on the directional stability, the forces and moments generated in
x,y and z direction by the fuselage, wing and empennage are calculated. For this reason it is recom-
mended to evaluate in further research the accuracy of the model’s prediction of the longitudinal
stability derivatives. The verification and validation of the longitudinal stability derivatives gives
an extra validation of the forces and moments working on the aircraft, generated under a angle of
attack or sideslip angle under influence of the propeller slipstream. In this way the model could be
used to estimate the longitudinal and directional stability derivatives of the aircraft in the concep-
tual design phase. Additionally the spanwise circulation distribution and the spanwise lift and drag
coefficient distribution give a great insight in the aerodynamic performance of the aircraft in the
conceptual design phase. For this reason it is recommended to implement the model into the con-
ceptual design tool (the Initiator) of the Flight Performance and Propulsion group after additional
validation.
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