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Abstract

The Delft Laminar Hump (DelLaH), discovered by the Aerodynamics Department of the Faculty of
Aerospace Engineering at the Delft University of Technology, is a symmetrical smooth hump that is
placed at a set distance parallel to the leading edge of the wing that reduces skin friction drag as it
attenuates the growth of the crossflow instabilities (CFI). With the hump, transition can be delayed up
to 14%. The only requirements are that the hump needs an natural laminar flow (NLF) airfoil and a
condition where CFl is the dominant transition mechanism to be effective. Generally, CFI dominates
when the wing sweep is greater than 30 — 35 deg, making the vertical stabilizer the best candidate for
implementing the hump.

This research implements the Delft Laminar Hump on the vertical stabilizer of subsonic transport
aircraft by modeling the effect of the hump as a shift in transition location. By using a Quasi-3D aerody-
namic analysis in combination with a transition location database, the effect of the hump on the lift and
drag coefficient of the vertical stabilizer is analyzed. The transition location database is constructed
by using the external velocity of airfoil sections of the vertical tailplane and the boundary layer solver
and stability analysis developed by the Group of Flow Control and Stability within the Delft University of
Technology. With this, the N-factor curves along the chord can be calculated. Knowing the respective
N-factors of the clean and hump configuration, the associated transition locations can be determined,
which are then used to calculate the lift and drag coefficients of the vertical tailplane. To evaluate the
aerodynamic effect of the hump on the full aircraft directional and lateral stability a stability analysis
based on a method by Fokker / Obert is performed and checked against the CS-25 for Large Aero-
planes regulations by European Aviation Safety Authority (EASA).

It was found that the Delft Laminar Hump (DelLaH) on the vertical stabilizer of a subsonic transport
aircraft does not affect the vertical tailplane lift curve slope, thus not affecting the stability of the aircraft.
In contrast, the vertical tailplane drag coefficient is reduced by the hump. Retrofitting the hump on
Airbus A320 (conventional tail) and the Fokker F-28 Mk1000 (T-tail) results in a reduction of the vertical
tailplane drag coefficient of 6.73% and 8.72%, respectively. Translating this vertical tail drag reduction
to the full aircraft drag coefficient results in a reduction of 0.17% and 0.34%. To evaluate the effect
of the hump on weight and fuel consumption, additional weight and mission analyses are performed.
Evaluating the harmonic range, an fuel reduction due to the hump of 0.16% and 0.32% is established,
for the Airbus A320 and Fokker F-28 Mk1000, respectively. The aircraft weight is reduced by the same
percentage through the fuel reduction, as it is assumed that the added weight due to the hump itself is
negligible.

Additionally, two sensitivity analyses were performed, namely, sweep angle variation and surface
area scaling to analyze the effectiveness of the hump for different vertical tailplane geometries. The
effect of sweep angle on hump effectiveness does not affect the vertical tailplane lift curve slope and
thus also not the stability coefficients. For the full aircraft drag coefficient, the hump effectiveness has
an exponential relation with sweep angle and is most effective at lower sweep angles. A maximum full
aircraft drag reduction was found of 0.41% at 30 deg sweep with an equivalent fuel reduction of 0.39%.
Overallitis concluded that lower sweep angles are beneficial as the hump is most effective and results in
reduced vertical tailplane weight, less fuel weight as well as an increased stability margin. Analyzing the
effect of surface area scaling, the hump has no effect on the vertical tailplane lift curve slope regardless
of surface area, again retaining the aircraft’s stability. For the full aircraft drag coefficient, the hump
effectiveness increases linearly for increasing surface area up to 0.37% at a surface scaling factor of
1.2 times the original vertical tailplane surface area. In terms of fuel reduction, a maximum value of
0.35% was found. There will be an optimal vertical tailplane surface area, since the hump effectiveness
increases for increasing surface area, whilst for the full aircraft drag, vertical tailplane weight, and
fuel weight a smaller surface area is preferred. The stability margin becomes the limiting factor as a
minimum surface area is required for sufficient stability. Comparing the baseline aircraft, the hump is
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more effective for the Fokker F-28 Mk1000 over the entire range of scaling factors and sweep angles.
This leads to the suspicion that taper- and aspect ratio, and cruise speed play an important role in the
effectiveness of the hump, but more research is required.

This research shows that the Delft Laminar Hump has a significant drag-reducing effect on the
overall aircraft, whilst not affecting the aircraft’s stability. Even though the fuel savings for an individual
aircraft are not very large, on a fleet level this would be significant. The hump can be retrofitted on
existing aircraft by gluing it on the outer skin, making it a relatively simple and cheap way to improve
efficiency for aircraft manufacturers. Nevertheless, more research is required before implementing the
hump on commercial aircraft as it is still unknown whether the hump also works on the suction side of
the wing as well as whether the hump causes a shock at cruise Mach. Also, interaction effects with the
horizontal stabilizer and fuselage need to be taken into account, to fully quantify the effectiveness of
the hump. Dedicated wind tunnel experiments, flight tests, and/or CFD simulations are necessary.
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D, Propeller diameter m
D, Fuselage height at vertical tailplane quarter mean aerodynamic
chord m
d, Fuselage height at vertical tailplane quarter mean aerodynamic chord m
g Gravitational constant m/s?
hy Height of fuselage at 0.25(, m
ha Height of fuselage at 0.75(, m
h Average height of fuselage at the wing root chord m
h Rudder height m
hy, Wing root height relative to fuselage center line (h,, = —z,,) m
iy Horizontal tailplane incidence angle deg
iy Vertical tailplane incidence angle deg
K, Factor for drag due to asymmetric flight —
Ky Factor for drag due to asymmetric flight —
kp DRE numerical height wm
Ky, Empirical correction factor to adjust for larger flap deflections
of a strip _
K,, Fuselage-vertical-tailplane lift carry-over effect —
K; Wing-body interference factor for wing-body sideslip derivative

Cy,



Nomenclature xxi
K, Compressibility correction factor to uniform-geometric-dihedral-

effect —
K, Empirical factor related to sideslip derivative Ch, for body +

wing-body interference -
K, Reynolds number correction factor -
k., Correction factor for the tailplane configuration —
K,, Horizontal-to-vertical tailplane endplate effect -
L Lift or rolling moment Nor Nm
Iy Fuselage length m
(L), Vertical tailplane rolling moment Nm
lwsv Vertical tailplane yawing moment arm in stability frame m
la, Vertical tailplane yawing moment arm in body frame m
lzvmf Exposed vertical tailplane yawing moment arm in body frame m
Ty Effective vertical tailplane yawing moment arm including dorsal

fin in body frame m
Ly, Engine yawing moment arm m
lzsv Vertical tailplane rolling moment arm in stability frame m
L, Vertical tailplane rolling moment arm in body frame m
lszf Exposed vertical tailplane rolling moment arm in body frame m
M Mach number —
MTOW Maximum take-off weight kg
AN Change in N-factor (amplification factor) due to hump —
N Yawing moment or N-factor (amplification factor) Nm or —
Neican Clean (no hump) N-factor (amplification factor) —
(N)Ei Yawing moment due to difference in drag of the inoperative

and operative engine Nm
(N)EO Yawing moment due to difference in thrust of the inoperative

and operative engine Nm
Nhump Hump N-factor (amplification factor) -
(Nnac) g Number of fuselage-mounted nacelles -
(Pnac) Number of wing-mounted nacelles -
(N, Yawing moment due to one engine inoperative Nm
(N), Vertical tailplane yawing moment Nm
Ny Load factor normal to the flight path at V,, ,,, . —
q Free-stream dynamic pressure Pa



Nomenclature XXil
(oo Free-stream dynamic pressure Pa
qy Horizontal tailplane average dynamic pressure Pa
q. Vertical tailplane average dynamic pressure Pa
R Range m
Re Reynolds number —
Re,, Critical Reynolds number —
Rep;.erage Fuselage Reynolds number -
Sy Body side area m?
Saf Dorsal fin surface area m2
Stus.cross Maximum fuselage cross section m?
Sy Horizontal tailplane surface area m?
S; Strip surface area m?2
S, Rudder surface area m?
S, Vertical tailplane surface area m?
(S )original Original vertical tailplane surface area m?
Sy, Part of vertical tailplane surface area affected by rudder m?
Svref Exposed vertical tailplane surface area m?
Sy Wing surface area m?
T Thrust N
t Airfoil thickness m
(%)W’a Thickness-to-chord ratio wing at aileron
AT, Difference in thrust of the inoperative and operative engine N
ATy . wmiro,  Difference in thrust of the inoperative and operative engine plus

drag due to windmilling and propeller N
t; Strip airfoil thickness m
TSFC Thrust specific fuel consumption kg/(Ns)
Ue Velocity at outer edge of boundary layer m/s
Vo + zx Airspeed approved for all-engines operating initial climb m/s
% Airspeed m/s
Voo Free-stream velocity m/s
V. Design cruise speed m/s
Ve, max Calibrated airspeed at the moment that the load factor-corrected

lift coefficient is at the maximum m/s
Vow Crosswind speed m/s
Vv, Design dive speed m/s



Nomenclature xXxiil
Veo/ M, Maximum speed for stability characteristics dependent on Mach

number with flaps and landing gear retracted m/s
Vg Maximum flap extended speed m/s
V.. Landing gear extended speed m/s
Vio/Muyuo Maximum operating speed limit dependent on Mach number m/s
Vioz Flow velocity at engine nozzle exit m/s
Vege Reference landing speed m/s
Viro Reference landing stall speed m/s
Vi Reference stall speed at given condition m/s
Vir Reference stall speed m/s
V., Vertical tailplane volume coefficient —
W Gross weight N
w Maximum body width (equal to Dy, if fuselage is perfectly cylindrical) m
Wend Weight at end N
Wtyel Fuel weight N
Wtart Weight at start N
W, Vertical tailplane weight kg
T X-axis in body frame —
Azge,, Horizontal displacement of the vertical tailplane aerodynamic

center m
Tac,, Distance from fuselage nose to vertical tailplane aerodynamic

center including dorsal fin m
Lo Transition location m
Tp DRE distance from leading edge in normal-to-leading-edge direction m
g X-axis in vehicle carried normal Earth frame —
Tewh Longitudinal position of the engine exhaust m
Ty Longitudinal position of horizontal tailplane (distance between leading edge

vertical tail at height of horizontal tail and aerodynamic center horizontal tail) m
T Longitudinal distance nose to C.G. m
Zg X-axis in stability frame -
(z4r/cC) Transition location normalized by chord —
(@tr/€) ytoan Clean (no hump) transition location normalized by chord -
(Ttr/€) hump Hump transition location normalized by chord -
y* Spanwise position of the centroid of span loading as a fraction

of the semi-span —
Y Side force N



Nomenclature XXV
Yy Y-axis in body frame -
(Y)pank Side force due bank angle N
Yy Y-axis in vehicle carried normal Earth frame —
Y; Strip moment arm m
Ys Y-axis in stability frame -
(Y), Vertical tailplane side force N
Y Spanwise location wing mean aerodynamic chord m
z Z-axis in body frame —
elomac Vertical position of the nacelle center line m
Zg Z-axis in vehicle carried normal Earth frame —
Zy Vertical position of horizontal tailplane m
Zp Vertical position of rudder m
Zg Z-axis in stability frame -
Z, Spanwise location vertical tailplane mean aerodynamic chord m
Zyw Wing root height relative to fuselage center line (2, = —h,,) m
Greek
o Zero-lift angle of attack deg

Angle of attack deg
AA“&“ Rudder control effectiveness —
ac, Stall angle of attack deg
aj, Horizontal tailplane zero-lift angle of attack relative to tailplane

reference plane deg
ay, Effective horizontal tailplane angle of attack deg
o, Angle of attack relative to a reference line, usually the fuselage

centerline (note that R does not refer to the rudder in this case) deg
a, Effective vertical tailplane angle of attack deg
I} Sideslip angle deg
Bewr rrs Sideslip angle full rudder sideslips deg
Bowr.sss Sideslip angle crosswind landing for steady, straight sideslips deg
Bowr Sideslip angle one engine inoperative deg
d99 99% boundary layer thickness m
Aa,, Change in zero-lift angle of attack deg
g—g Sidewash-angle-to-sideslip-angle ratio —
(A?—Z)F Effect of wing dihedral on the

sidewash-angle-to-sideslip-angle ratio



Nomenclature XXV
(Ag—g) o Effect of rolling-moment-due-to-sideslip on the
lg
sidewash-angle-to-sideslip-angle ratio —
(Ag—g) i Effect of wing flap deflection on the
sidewash-angle-to-sideslip-angle ratio —
( %g)ﬂ y Effect of wing flap deflection in the landing position on the
L,tag
sidewash-angle-to-sideslip-angle ratio —
(g—") . Fuselage-vertical-tailplane interference factor —
(Ag—g . Effect of relative wing height on the fuselage on the
w
sidewash-angle-to-sideslip-angle ratio —
(Ag—g)NF Effect of rear-fuselage engine nacelles on the
sidewash-angle-to-sideslip-angle ratio —
(Aﬁ—;) Effect of engine nacelles on the wing on the
NW
sidewash-angle-to-sideslip-angle ratio —
Z’”Ti Vertical tailplane sidewash angle to lift coefficient ratio deg
0q Aileron deflection angle deg
Goman Maximum aileron deflection angle deg
0f, Strip flap deflection angle deg
0712 Flap deflection angle of most aft flap of double-hinged flap deg
01 Flap deflection angle deg
0, Rudder deflection angle deg
Romaa Maximum rudder deflection angle deg
Ogl Slat deflection angle deg
(%Z)w Velocity gradient at the wall
€ Downwash angle deg
v Flight path angle deg
Ty Horizontal tailplane dihedral angle deg
r, Vertical tailplane dihedral angle deg
T, Wing dihedral angle deg
A Sweep angle deg
A Taper ratio —
Aijye Quarter-chord sweep angle deg
Aijse Vertical tailplane semi-chord sweep angle deg
Avjye Vertical tailplane quarter-chord sweep angle deg
A1/4cw Wing quarter-chord sweep angle deg



Nomenclature XXVI
Apy, Strip hinge line sweep angle deg
AL Hinge line sweep angle deg
AL Leading edge sweep angle deg
AL Trailing edge sweep angle deg
Av Vertical tailplane taper ratio —
Aw Wing taper ratio —
AzD Wavelength of DRE parallel to leading edge mm
I Dynamic viscosity Pa-s
oo Dynamic viscosity of the free-stream Pa-s
10) Bank angle deg
Dmaz Maximum bank angle deg
Poo Density of the free-stream kg/m?
Pe Density at outer edge of the boundary layer kg/m?
o Sidewash angle deg
o, Vertical tailplane sidewash angle deg
T Shear stress Pa
Tuw Shear stress at the wall Pa
Subscripts

00 Free-stream

a Aileron

as Asymmetric flight

D DRE

df Dorsal fin

E Vehicle carried normal Earth frame

e Outer edge of the boundary layer

E; Inoperative engine

E, Operative engine

F, fus Fuselage

fl Flap

H Horizontal tailplane

HL Hinge line

i Engine inlet or i-th strip in strip method

LE Leading edge

Nacelle



Nomenclature

XXVii

nz

OFEI

prop

sl

T-0

TE

Nozzle

One engine inoperative
Propeller

Rudder

Root

Stability frame

Slat

Tail-off

Tip

Trailing edge

Vertical tailplane

Wing

Wall

Wing, fuselage, and nacelles

Windmilling



Nomenclature

XXViii

Abbreviations

3E Energy, Economy, Environment

ALT attachment line transition

ALTTA Application of Hybrid Laminar Flow Technology on Transport Aircraft
AVL Athena Vortex Lattice

BLADE Breakthrough Laminar Demonstrator in Europe
CG center of gravity

CFI crossflow instabilities

DBD dielectric barrier discharge

DelLaH Delft Laminar Hump

DRE discrete roughness element

EASA European Aviation Safety Authority

ELFIN European Laminar Flow Investigation

ESDU Engineering Sciences Data Unit (refers to ESDU 82010 [1])
HLFC hybrid laminar flow control

HYLDA Hybrid Laminar Flow Demonstration on Aircraft
ICAO International Civil Aviation Organization

ILR Institute of Aerospace Systems

KPI key performance indicator

LATEC Laminar Technology

LFC laminar flow control

LTAG long-term aspirational goal

MAC mean aerodynamic chord

MTOW maximum take-off weight

MZFW maximum zero fuel weight

NLF natural laminar flow

OEIl one engine inoperative

OEW operational empty weight

RANS Reynolds-averaged Navier-Stokes

TSFC thrust specific fuel consumption

TSI Tollmien Schlichting instabilities

USAF DATCOM

VeDSC
VLM

United States Air Force Data Compendium (refers to USAF Stability and Control
DATCOM [2])

Vertical tail Design, Stability, and Control (refers to method by Nicolosi et al. [3])

vortex lattice method



Introduction

Ever since the start of aviation aircraft have become more and more energy efficient. Now, with the cur-
rent climate crisis in full swing, even more effort is put into making aircraft more sustainable. Following
the Paris Climate Agreement [4], the International Civil Aviation Organization (ICAO) drafted Resolu-
tion A41-21 [5] which includes the long-term aspirational goal (LTAG) for international civil aviation CO2
emission reductions [6]. The LTAG for international civil aviation is net-zero carbon emissions by 2050.

One of the areas of focus is to make improvements in the aerodynamic design of aircraft. For
subsonic transport aircraft, friction drag is responsible for about half of the total drag [7][8]. It would
therefore make sense to try to reduce this friction drag component, which can be established by de-
laying the transition from laminar to turbulent flow. This can be obtained by using laminar flow control
(LFC). LFC is an umbrella term for systems that change the boundary layer flow in such a way that
transition from laminar to turbulent flow is delayed. This includes the passive flow control, known as
NLF, which uses geometry, active flow control (LFC), which uses active methods such as suction or
cooling, and hybrid laminar flow control (HLFC), which uses a combination of the passive and active
flow control strategies. The general idea for LFC already stems from the 1930s and various systems
and configurations have been tested on aircraft throughout the 20th century as described by Braslow
[9] and Joslin [10]. However, they have never been widely implemented in subsonic transport aircraft,
often because these systems were too large, heavy, or complex.

In 2021, Rius-Vidales and Kotsonis discovered that a forward-facing step of a certain height can
delay transition [11]. This phenomenon was developed into the DeLaH', by the Aerodynamics Depart-
ment of the Faculty of Aerospace Engineering at the Delft University of Technology. The DelLaH is a
symmetrical smooth hump that is placed at a set distance parallel to the leading edge of the wing that
reduces skin friction drag as it attenuates the growth of crossflow instabilities (CFI). With the hump,
transition can be delayed up to 14%. The effectiveness of the hump is dependent on the hump height,
width, chordwise location, and perturbation amplitude of the CFI. Currently, the hump is still being
investigated by a research group led by Prof. M. Kotsonis.

With this recent development, the time might have come to integrate a LFC device into commercial
aircraft. The DeLaH can be (retro)fitted by gluing it on an aircraft wing. This makes it a very simple
and cost-effective solution compared to HLFC systems. However, there is very limited knowledge of
how such a device affects the aircraft's conceptual design and performance in terms of weight and
drag. Moreover, when retrofitting the DeLaH on an existing aircraft, the aerodynamic behavior of the
aircraft will change and potentially impact the overall geometry required to meet the lifting, stabilizing,
and controlling requirements.

"Delft University of Technology. (2023). ERC Proof of Concept grant for the Delft Laminar Hump. Retrieved January 27, 2024,
from https://www.tudelft.nl/en/2023/1r/erc-proof-of-concept-grant-for-the-delft-laminar-hump
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1.1. Research objective

This research will look into the impact of the Delft Laminar Hump, implemented on the vertical stabilizer
on conceptual subsonic transport aircraft design and performance in terms of weight and drag. As the
DelaH attenuates the growth of the CFl, it requires a condition where CFl is the dominant transition
mechanism to be effective. CFl dominate when the wing sweep is greater than 30 — 35 deg [12]. There-
fore, the vertical stabilizer is chosen as the sweep angle generally lies in this range (see Table 2.1),
whilst the main wing and horizontal stabilizer often have lower sweep angles, making them less suit-
able. Another reason to investigate the vertical stabilizer is relative geometric simplicity since it must
be able to provide a side force in both directions and therefore it is symmetrical. The available data
on the DelLaH also uses a symmetric airfoil. Moreover, the vertical stabilizer is relatively small com-
pared to other components suitable for LFC, such as the main wing, reducing computational time and
resources.

Constraints and assumptions
To simplify the research problem and to tighten the scope, there are several constraints and assump-
tions:

» Only subsonic transport aircraft are considered, with a cruise velocity of up to Mach 0.8.

» Only jet/turbofan aircraft are considered, therefore no asymmetric flow profiles due to propellers
are present. Thus it may be assumed that the vertical tailplane incidence angle (or mounting
angle) i, = 0 and only symmetric airfoil shapes are used.

» Only conventional empennage layouts are used, namely fuselage- or fin-mounted designs (in-
cluding T-tails). V-tails, twin vertical tails, or other unconventional designs are not considered.

» The DelLaH is implemented on both sides of the vertical stabilizer.

» For LFC to be useful it is required that there is laminar flow at the vertical tail. Therefore only
cruise conditions will be considered in the performance evaluation. High lift conditions (landing
and take-off) will not be considered, because in that case there is a lot of induced drag, making the
skin-fiction drag reduction due to LFC at the vertical tail negligible. The same holds for unfavorable
weather conditions.

Research areas

Based on the research objective, the main research areas are vertical tail design, laminar flow control,
and subsonic transport aircraft performance, which are shown in Figure 1.1. Where all the research
areas overlap the main research objective (1+2+3) is found.

1. Vertical tail

design
1+2+3 =
1+2 _—i/ Research
) objective
3. Subsonic
2. Laminar transport
flow control 213 aircraft
performance

Figure 1.1: Research areas.

Main research question
From this diagram and research objective, the main research question follows. The main research
question is phrased as follows:

» What is the impact of the Delft Laminar Hump, implemented on the vertical stabilizer, on concep-
tual subsonic transport aircraft design and performance in terms of weight and drag?
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Sub-questions

To answer the main question, the three research areas, and their overlap are used to formulate sub-
questions, each contributing to the answer to the main research question. The numbers in Figure 1.1
are also indicated at each corresponding sub-question.

[1] - Vertical tail design:
e How are vertical stabilizers typically parameterized?

[1+3] - Vertical tail integration in subsonic transport aircraft:
e How are vertical stabilizers designed and integrated into the full aircraft?
e What are the critical design requirements (geometry and aerodynamic
performance) for vertical stabilizers?

[2] - Laminar flow control:
e What is LFC/DelLaH and how does it work?

TECHNICAL BACKGROUND

[1+2] - Laminar flow control integration in vertical tail:
e How can the aerodynamics of the LFC/DelLaH implemented on a vertical stabilizer
be modeled?
e How does the vertical tail design affect the aerodynamic impact of LFC/DelLaH?

[3] - Subsonic transport aircraft performance:
e What are the typical flight missions and conditions, that subsonic transport aircraft
are tested for?

RESEARCH

[2+3] - Laminar flow control integration in subsonic transport aircraft:
e What metrics are used to assess the impact of LFC/DelaH on aircraft performance
(drag reduction, mass penalties, fuel/emission reduction)?

1.2. General method and report layout
Based on the sub-questions a general method is proposed in Figure 1.2.

| Inpluts |—1

Vertical tail sizing | Vertical tail
(Sensitivity analysis) | aerodynamics

| Stability analysis

|

| Full aircraft analysis modules |

| Qutputs |

Figure 1.2: General overview of method.

The key idea behind this method is that DeLaH is implemented on a vertical tailplane by modeling
the aerodynamic effect of the hump as a shift in transition location. Starting with the vertical tail sizing,
the geometry of the vertical tailplane is parametrized. With the parametrization known, the vertical tail
aerodynamics can be analyzed. This is done with the use of a Quasi-3D analysis (Q3D) and an aero-



1.2. General method and report layout 4

dynamic database, which provides the shift in transition location due to the hump. To analyze whether
the vertical tailplane with the hump still provides sufficient stability and control when implemented on
the full aircraft, a stability analysis is performed and the critical design requirements are checked. The
stability analysis is connected to the vertical tail aerodynamics through the vertical tailplane lift curve
slope. After the stability analysis, the impact of the hump on the full aircraft is assessed with full air-
craft analysis modules, namely a weight-, mission- and drag analysis. Finally, to see what the effect of
the vertical tailplane geometry on the effectiveness of the hump is, a sensitivity analysis is performed.
Specific geometry variables are varied and the effectiveness of the hump in terms of the full aircraft
performance is studied.

The report is divided into two main parts: the technical background and the research. The technical
background provides the work done during the literature study and forms the basis for the research.
The technical background starts with the vertical stabilizer parametrization, stability analysis, and critical
design requirements, presented in chapter 2. Next, chapter 3 discusses LFC aerodynamics as well as
the different types of LFC, and wind tunnel and flight tests performed in previous research. This puts the
DelaH into context of research on other LFC devices. The research part starts with the methodology in
chapter 4, which is a much more elaborate and in-depth version of the general method provided here.
This is where the actual integration of the DelLaH into a vertical stabilizer is discussed. In essence,
it connects the vertical tail sizing and stability analysis, provided in the technical background, with
the vertical tail aerodynamics. Next to the vertical tail aerodynamic analysis, the full aircraft analysis
modules are discussed in this chapter, as well as the main test cases and the sensitivity analysis. Next,
in chapter 5, the various intermediate steps of the methodology are verified and validated. Thereafter,
the results of the baseline cases and sensitivity analysis are presented in chapter 6. Finally, chapter 7
provides the conclusion, discussion, and future work.









Vertical stabilizer parametric design

In this chapter, the vertical stabilizer will be discussed by exploring its purposes and types in section 2.1
and the general parametrization in section 2.2. In section 2.3 the most common methods for stability
analysis are compared, followed by section 2.4 that discusses the reference frames and main deriva-
tives for the stability analysis. Subsequently, section 2.5 presents the chosen stability analysis method
in detail. Finally, the critical design requirements of vertical stabilizers are investigated in section 2.6.

2.1. Vertical stabilizer purpose and types

2.1.1. Vertical stabilizer purpose

The vertical stabilizer has several purposes. First, the vertical stabilizer provides stability for the aircraft,
both static and dynamic. Static stability is the tendency of the aircraft to return to its initial equilibrium
after a disturbance. In contrast, dynamic stability is the damping of the transient motion of the aircraft
regaining (a new) equilibrium after a disturbance [13]. Since there are three axes of rotation, there are
also three types of stability: lateral, longitudinal, and directional. For the vertical stabilizer, directional
and lateral stability are the ones of interest. Second, the vertical stabilizer provides control over the
aircraft. This control is provided by the rudder, which is part of the vertical stabilizer. Third, the vertical
stabilizer creates a state of equilibrium in different conditions of flight [14][15][16].

The purpose of the rudder can be defined in more detail. First, it helps to create a steady state of
equilibrium with or without a control force. Second, it facilitates the maneuvering of the aircraft. Third,
it helps to correct for perturbations, keeping the aircraft on course [14][17].

@ FUSELAGE- OR FIN-
MOUNTED STABILIZER

4 BUTTERFLY TAIL

Figure 2.1: Tailplane types [15].
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2.1.2. Vertical stabilizer types

There are three main types of tailplanes, namely the fuselage- or fin-mounted stabilizer, twin vertical
tail, and butterfly tail. Figure 2.1 shows several examples of each type. Fuselage- or fin-mounted
stabilizers are the most common, especially in subsonic transport aircraft. This is the most simple
design regarding structural design. A special case of the fin-mounted stabilizer is the T-tail (A-3 in
Figure 2.1). Twin vertical tails are often used when the vertical tail fins must be relatively small, to
prevent a too large rolling moment as a result of the use of the rudder. Butterfly tails are a more
complex configuration, as they double as an elevator and rudder at the same time, making the control
system also more complex. This configuration is therefore less common [15]. There are even more
types of vertical tails comprehensively described by Raymer [16], but these are far outside the scope
of this research.

2.2. Parametrization of vertical stabilizers

First, the parametrization will be provided in subsection 2.2.1. Subsequently, in subsection 2.2.2, the
design range for the parameters is provided. The design range contains the acceptable values for the
various parameters that are used in the sizing of the vertical stabilizers.

2.2.1. Parametrization
For the parametrization of the vertical stabilizer, the definitions of Obert [14] are used. A visualization
of the parametrization is shown in Figure 2.2 (its positioning relative to the fuselage can be seen in
Figure 2.3). The vertical tailplane planform is simply defined as any other wing or fin. It can be described
by a vertical tailplane root chord ¢, , vertical tailplane span b,,, vertical tailplane taper ratio A, (defined
in Equation 2.1), and vertical tailplane quarter-chord sweep angle A.,. . Since the vertical tailplane is
mounted straight upwards in the z-direction, there is no vertical tailplane dihedral I, .

Ay = fty , where c;  is the vertical tailplane tip chord (2.1)

CTV

Ct,

Al/A,CV
Sy
//
C
i o= Y/4Cy

Figure 2.2: Vertical stabilizer parametrization based on [14].

The parameters above can be used to obtain the vertical tailplane aspect ratio A,, with Equation 2.2
and the vertical tailplane surface area S,, with Equation 2.3 [2]. Here the original formula for a wing is
converted into one for the vertical stabilizer. Note that for this vertical stabilizer definition, the vertical
tail surface area S, continues into the fuselage, where the vertical tail half-root-chord, L2¢r, intersects
with the center line of the fuselage. This is visualized in Figure 2.3 and specific for the parametrization
of Obert [14], thus not always the same for other common methods such as ESDU [1]. Differences
between these methods will be discussed in subsection 2.3.2. Also note that in this parametrization,
the dorsal fin parametrization is not provided. The only relevant parameter regarding the dorsal fin is
the dorsal fin surface area, Sqr. Why this is relevant is discussed in subsection 2.5.5 in the subsection
on the effect of the dorsal fin on the vertical tailplane lift curve. In addition, the vertical tail tip shape
is ignored, because the vertical tail side force derivative is mainly dependent on the tail span and to a
first order, not dependent on the tip shape [14].

Oz‘g;,

<

A =

\4

(2.2)
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W/2 bV
Sy = 2/ cw(y)dy — S, :/ ¢, (2)dz (general planform) (2.3)
0 0

The vertical tailplane MAC ¢,, and the spanwise location of the MAC z,, can also be obtained. The
latter is the distance between Cr., and ¢, as seen in Figure 2.2. Note that there are two methods for
calculating both ¢, and z,, . The version for a general planform is shown in Equation 2.4 and Equa-
tion 2.6 and the version for a straight-tapered or trapezoidal planform in Equation 2.5 and Equation 2.7
all based on USAF DATCOM [2]. Again all the original formulas for a wing are converted into one for the
vertical stabilizer. The general planform version should always work, however, if only straight-tapered
vertical tailplane planforms are considered, the straight-tapered version might be easier to use.

/2
Cop = —— / v cy (y)2dy ¢, = / )2dz (general planform) (2.4)
S Jo S,
1+ A A2 1+ A A2
Co = gcrw %;V—VW - &, = %CTV 4_14_"7/\4;" (straight-tapered planform) (2.5)
b /2
= — / Yydy — = — / z)zdz (general planform) (2.6)
1— ‘w 1 v
) g | by 11422, by, _ o 1/1+2),
yW = — 9 EE 5 — zV = = bV =3 bV
1-x, | 2 3\1+x, )2 1, ACESY 2.7)

(straight-tapered planform)

In Figure 2.3 the vertical tailplane yawing moment arm is /. , which is the distance between the
center of gravity (CG) of the whole aircraft and the vertical tailplane quarter MAC, namely 1/.¢,,. The
fuselage height D,, is measured along the 1/s¢, in the spanwise direction of the vertical tail (=
direction). The vertical position of the horizontal tail z,, is also measured in the spanwise direction
of the vertical tail (= z-direction). Although not stated in the parametrization from Obert [14], it is as-
sumed that, if the horizontal tailplane has an incidence angle, z,, is measured at the horizontal tailplane
quarter root chord. Nowadays, most transport aircraft have a horizontal tailplane that can be trimmed
(incidence can be changed depending on the location of the CG).

4\ EV bV

14 e

/2Dgus / _‘L'_—— Dy
-6 ¥ - — - T
/2Dfus
O =1,cy
Y2y YaCry ®©=CG0G.

Figure 2.3: Empennage parametrization based on [14].

The rudder parametrization is shown in Figure 2.4, where the rudder surface area S, is visualized.
This surface starts a distance z,, from the vertical tailplane root chord and has a height of ,,. The depth
of the rudder (chord length) is often expressed in the rudder-chord-to-tailplane-chord ratio, ¢, /¢,., which
consists of the rudder chord ¢,, over the vertical tailplane chord. In general rudder-chord-to-tailplane-
chord ratio is even over the whole rudder height. However, if that is not the case, the rudder-chord-
to-tailplane-chord ratio at the half-rudder height, 12h,, can be used as suggested by ESDU [18]. In
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addition to the regular rudder surface area, there is also a part of the vertical tailplane surface area
affected by the rudder, namely SVR' This is needed for the Fokker / Obert method [14], which will be

explained in section 2.5. This surface is bounded by the top and bottom of the rudder surface as shown
in Figure 2.5.

Cy

e feeeee hr

1/szus { — IZR

1/szus

Figure 2.4: Side view vertical tailplane on fuselage with Figure 2.5: Side view vertical tailplane on fuselage with
rudder surface area part of vertical tailplane surface area affected by the rudder.

With the side view parametrization established, Figure 2.6 shows the top view of the parametrization.
The vertical tailplane consists of airfoils, which can differ throughout the span from root to tip. It is
common to choose a root and tip airfoil with a smooth transition between these. Normally the airfoil
shapes used for the vertical tail are symmetric. The incidence angle, i,,, is the angle between the
fuselage center line and the root chord of the vertical tailplane, which is set to zero in Figure 2.6. This
may not always be zero, for instance when considering propeller/turboprop aircraft, to counteract the
forces on the aircraft due to the rotating flow coming from the propeller. This means that the pilot
does not have to give a constant rudder input to counteract this rotating flow effect. For this research,
however, only turbofan/jet engines are considered, and therefore it may be assumed that i, = 0.
Figure 2.7 shows the the rudder deflection angle 4,,.

Figure 2.6: Top view vertical tailplane on fuselage with Figure 2.7: Top view vertical tailplane on fuselage with
positive incidence angle. positive rudder deflection angle.

For a complete parametrization of all parameters involved in the Fokker/ Obert method [14], some
additional definitions are needed, shown in Figure 2.8. The maximum fuselage diameter Dy, .. is
taken as the reference of which the wing root height h,, is defined. The wing root height is measured
vertically from 12Dy, ... Note that b, is positive when the wing is above the fuselage center line.
Conversely, z,,, the wing root height relative to the fuselage center line, is positive when the wing is
below the fuselage center line because z,, = —h

w*

Df USmax

Figure 2.8: Wing root height based on [14].

2.2.2. Design range
Table 2.1 shows the design range for the design parameters of the vertical tail. Some notes about
the data used are given below. For ESDU [1], the horizontal tailplane root chord is expected to be of
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a similar length as the vertical tailplane root chord for fuselage-mounted horizontal tailplanes. In the
case of a fin-mounted horizontal tailplane, the horizontal tailplane root chord is expected to be the same
as the vertical tailplane chord at z,,. For Obert [17], only the data of jet aircraft is taken into account.
Propeller aircraft data was excluded since the focus of this research is turbofan/jet-powered aircraft as
explained in subsection 2.2.1. Also note that the Fokker/Obert method [14], assumes A, < 1.5, but
the data provided by Obert [17] also includes aspect ratios up to 2. For Torenbeek [15], only data for
the transport aircraft were taken into account, excluding small single/four/six seaters. In addition, to
reduce vertical tail stall, Torenbeek [15] advises A, < 1.8.

Normally the airfoil shapes used for the vertical tail are symmetric. Common airfoils are the symmet-
rical NACA-00-series, with a certain thickness ratio. The average thickness ratio, ¢/c,,, varies between
9-15%, and quite often is 12% according to Torenbeek [15].

A note should be made that the maximum overall height of vertical stabilizers is not defined in liter-
ature. However, the height of the vertical stabilizer is constrained by structural requirements as well as
maximum height limitations in hangars. No official maximum hangar height was found in literature. The
highest transport aircraft currently in use is the Airbus A380-800 has a maximum height of 24.1 meters”.
So a maximum height of 25 meters of the full aircraft including the vertical tail seems reasonable, giving
enough clearance to the hangar roof.

Finally, the location of the vertical tailplane, and all tail surfaces for that matter, may not be in the
efflux of the engines. Generally, the efflux is a cone with a 6 deg half-angle. Tail surfaces cannot be
placed within this area, because of acoustic fatigue of the tail surfaces and the altered airflow, which may
make the tail surfaces ineffective in terms of stability and control. So the placement of the engines might
influence the location of the vertical tailplane. Another solution might be to point the engines slightly
in another direction (downwards), to make sure the efflux does not interfere with the tail surfaces [15].
More on the effect of engine nacelles on the vertical tailplane can be found in subsection 2.5.6.

Table 2.1: Geometric constraints and design range (*C = conventional tail, *T = T-tail)

Range
Parameter ESDU [1] Obert Raymer [16] | Roskam [19] | Torenbeek [15]
(17][14]
A, 1.0-5.0 1.0-19(*C) | 1.3-2.0(*C) | 0.7-2.0 0.78 - 1.96
0.85-1.5(*T) | 0.7-1.2(*T)
Aijic, [deg] 0-60 35-60 (*C) 35-55 33-53 31-55
30 -50 (*T)
Ay 0-1 0.25-04 0.3-0.6(*C) | 0.26-0.73 -
0.25-0.75 0.6-1.0 (*T)
S, /Sy 0.05-0.27 - - - 0.106 - 0.268
2, /by 0.25-1 - - - -
Average t/c, | - - - - 9-15%
cn/cy 0.25-0.40 (*C) | 0.20-0.35 0.25-0.5 - max. 0.30 - 0.35
0.20-0.40 (*T)

2.3. Vertical tailplane sizing

2.3.1. Volume coefficients

One of the more simple, but common, methods to size the vertical tail is the method that uses the
volume coefficient. This method is based on the similarity between comparable aircraft as their re-
quirements for stability, provided by their vertical tails, are similar. The main features for aircraft to
be considered comparable are wing position, horizontal stabilizer position, and engine location. The
vertical tail volume coefficient V,, in Equation 2.8 consists of a fraction between the vertical tail surface
S, multiplied by the vertical tailplane yawing moment arm [, , and the wing surface S,, multiplied by

Lufthansa group. (n.d.). Airbus A380-800. Retrieved January 9, 2024, from https://www.lufthansagroup.com/en/
company/fleet/lufthansa-and-regional-partners/airbus-a380-800.html
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the wingspan b,,. The method simply takes the same volume coefficient for comparable aircraft and
with the overall geometry of the aircraft (l,,;v, S, ,» and b, ) known, the required vertical tail surface S|,
can then be estimated [14], [15], [16], [3], [20], and [21].

o Sulay
v SWbW

(2.8)

2.3.2. Comparison of stability analyses

Since the goal of the research is to implement the DeLaH in the vertical stabilizer, as laid out in chap-
ter 1, a link needs to be found to connect the aerodynamics to the stability requirements of the vertical
stabilizer. The volume coefficient method, in the previous section, does not provide such a link. There-
fore a more advanced method to size the vertical tail is discussed here, which must provide the link
to the aerodynamics. Several different methods found in literature are United States Air Force Data
Compendium (USAF DATCOM) [2], Engineering Sciences Data Unit (ESDU) [1], the Fokker / Obert
[14] and Vertical tail Design, Stability, and Control (VeDSC) [3]. All these methods are used to obtain
the stability derivatives.

The USAF DATCOM [2] is a very comprehensive method that is intended for early design/concept
development. It provides approaches for subsonic, transonic, and supersonic velocity regimes. It uses
a combined theoretical and empirical approach to calculate the stability derivatives. The empirical data
takes the (aerodynamic) interference effects of other aircraft components into account. It assumes
small angles of attack in the linear angle of attack range. It also considers only horizontal tailplanes
that are body-mounted. This makes this method limited to conventional fuselage-mounted tail designs.

ESDU [1] also uses a combined theoretical and empirical approach. Again taking the (aerodynamic)
interference effects of other aircraft components into account, however, this method is intended only
for subsonic speeds. It also assumes small angles of attack. Moreover, the flow is fully attached and
wholly subsonic over the configuration. This may not always be the case in reality, since there might
be local transonic velocities on high subsonic aircraft. One very important prerequisite for ESDU is that
the body/fuselage cross-section must be near circular. This means that more unconventional fuselage
designs are not covered by this method.

The Fokker / Obert method [14] is intended for high subsonic transport aircraft and combines parts
of USAF DATCOM and ESDU and empirical data from Fokker aircraft as well as well as some models
from Airbus. The method is intended for conventional fuselage- and fin-mounted tailplanes, therefore
limiting for unconventional tailplane configurations. The main difference of this method compared to
the previously mentioned is that it considers many different sources that may influence the sidewash
and interference effects of other components. The sidewash at the vertical tailplane is the result of var-
ious aircraft components upstream altering the velocity and direction of the flow. The more upstream
aircraft components are taken into account, the more accurate the estimation of the sidewash becomes.
The sidewash described by Fokker / Obert consists of seven different components and related effects,
namely the effect of the fuselage-vertical-tailplane interference, wing-fuselage interference, wing dihe-
dral and sweep, rolling-moment-due-to-sideslip, wing flap deflection in landing position, engine nacelles
on the wing, and engine nacelles on the rear-fuselage. In addition, the Fokker / Obert method also con-
siders an improved version of the endplate effect that the horizontal tail has on the vertical tail. Similar
to USAF DATCOM it considers the vertical position of the horizontal tail and the tailplane area ratio,
but in addition, it also takes the effective angle of attack of the horizontal tailplane into account. This is
important since the lift generated by the horizontal tailplane and the crossflow that occurs with swept
horizontal tailplanes affect the endplate effect. The improved version is based on empirical data. The
Fokker / Obert method also offers the possibility to implement dorsal fins.

Finally, VeDSC [3] is different from the other methods named before in the sense that it heavily relies
on numerical Reynolds-averaged Navier-Stokes (RANS) simulations. It does use a similar approach as
ESDU, but the correction factor is not based on empirical data, but on RANS simulations of turboprop
transport aircraft, validated through wind tunnel tests. Since itis focused on turboprops, it uses a slightly
lower speed regime compared to the other methods.
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To decide which of the above-mentioned methods is most appropriate, a comparison is made. For
each of the methods, the main characteristics are summarized in Table A.1 regarding the input, output,
conditions, configurations, and various other specifics (remarks). Subsequently, the pros and cons of
each method are discussed Table 2.2. Based on these points it is chosen to use the Fokker / Obert
method. VeDSC is not an option since it is focused on turboprops, which fly in alower speed regime than
conventional high-subsonic transport aircraft. Also, the use of turboprops may result in slightly different
correction factors as compared to turbofan/jet engines used by conventional transport aircraft. The
main reasons to choose the Fokker / Obert method over USAF DATCOM and ESDU, is that the Fokker
/ Obert method uses the improved version of the endplate effect as well as the large amount of upstream
aircraft components taken into account for the sidewash, making it more accurate. USAF DATCOM and
ESDU only consider sidewash due to the fuselage and the wing’s dihedral and vertical position, whilst
the Fokker / Obert method also considers other sources. Moreover, the Fokker / Obert method was
(most likely) used by Fokker to develop tailplanes of their transport aircraft models. This makes it very
useful for this research since the main focus is on conventional fuselage- or fin-mounted stabilizers for
subsonic transport aircraft. The working principle of the Fokker / Obert method will be discussed in
detail in section 2.5.

Table 2.2: Choice of stability analyses

Pros Cons
USAF - Well known in other literature - Limited cases of sidewash and crossflow
DATCOM - Interference effects of other components | - Horizontal tailplane must be mounted to body
[2] - No dorsal fins

- Empirical data based on older aircraft
- Limiting for unconventional tailplane configurations

ESDU [1] - Well known in other literature - Limited cases of sidewash and crossflow
- Interference effects of other components | - Body/fuselage cross-section must be (near) circular
- Dorsal fins can be implemented - Less accurate for large aspect ratios and twist due

to assumption of constant induced sidewash
- Limiting for unconventional tailplane configurations

Fokker / - Many cases of sidewash and crossflow | - Unknown in other literature

Obert [14] - Interference effects of other components | - Limiting for unconventional tailplane configurations
- Dorsal fins can be implemented

- Endplate effects are taken into account

VeDSC [3] - Based on more recent aircraft - Unknown in other literature
- Focusses on turboprops
- Data based on RANS and wind tunnel tests,
no real empirical data
- Limiting for unconventional tailplane configurations

2.4. Stability and control analysis: Reference frames and deriva-

tives

As discussed in section 2.1, the main purpose of the vertical stabilizer is to provide directional and lateral
stability. For these, only the side force Y, rolling moment L and yawing moment N are of interest. (Note
that L refers to the rolling moment and not to lift in this context.) It is of great importance to define in
what reference frame these forces are expressed.

2.4.1. Reference frames

There are three different reference frames to consider, namely the body (fixed) frame, the stability frame,
and the vehicle carried normal Earth frame, all visualized in Figure 2.9 based on [22] and [23]. All of
the reference frames are centered at the CG, have the x-axis pointing towards the aircraft nose, the
y-axis towards the right wing, and the z-axis downwards. The difference between them is their relative
rotations around the y-axis. First, the vehicle carried normal Earth frame (denoted with subscript E) has
its z-axis always perpendicular to the Earth horizon and its x- and y-axis parallel to the horizon. Second,
the stability frame (denoted with subscript S) is rotated around the y-axis by the flight path angle ~
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relative to the vehicle carried normal Earth frame. Third, the body (fixed) frame (with no subscript) is
again rotated around the y-axis by the angle of attack « relative to the stability frame. It could also be
said that the stability frame is in the direction of the aircraft’s velocity direction V' (or airspeed) in terms
of pitch and the body frame is in the direction of the aircraft fuselage centerline.

YE
Vs

~

(a) Top view

(b) Side view
o =1%,¢ = body frame
@ =C.G. < = stability frame
»~ = angles &— = vehicle carried normal Earth frame
— = forces and moments < = velocity direction
(c) Legend

Figure 2.9: Reference frames based on [22] and [23]. Note that all coordinate system axes, angles, forces, and moments are
drawn in the positive direction. Moments are based on right-hand rule.

The reason why these reference frames are relevant is because of the vertical tail moment arms,
which are needed in the vertical tailplane stability analysis. It is assumed the moment arms are the
distance between the CG and the vertical tailplane mean aerodynamic quarter chord (assumed to co-
incide with the aerodynamic center), where the CG is taken to be at the 25% wing mean aerodynamic
chord, although Fokker often uses the 30% wing mean aerodynamic chord [14]. In most stability analy-
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sis methods, the yawing moment arm [, = and rolling momentarm . =are expressed in the body frame,
whilst the yawing moment and rolling moment (and thus the coefficients) are expressed in the stability
frame. This is not a problem when small angles of attack are assumed, which is the case for steady
flight during cruise, but this becomes relevant when looking at high angles of attack during high lift con-
ditions. It can be seen in Figure 2.9b that for large angles of attack, the yawing and rolling moment arms
change in length and even can change in sign. Hence, adjusted moment arms are needed, expressed
in the stability frame. Equation 2.9 and Equation 2.10 are the yawing and rolling moment arms in the
stability frame [23]. Based on these equations it can be said that for conventional aircraft the relative

change in moment arm due to angle of attack is much more significant for the rolling moment arm Loy
\4

since the components of ly, and [, ~have similar magnitudes [1].

ZISV = lwv cos o + ZZV sina (2.9)

l, =1, cosa—1, sina (2.10)
v \%4 \%4

2.4.2. Stability and control derivatives

With the reference frames clear, the forces and moments need to be expressed as coefficients. To
express these in coefficients, the side force, rolling, and yawing moments are normalized as seen in
Equation 2.11, Equation 2.12, and Equation 2.13, resulting in the side force coefficient, rolling moment
coefficient, and yawing moment coefficient respectively. Here ¢ = 1/2pV? is the dynamic pressure, S,,
the wing surface, and b, the wing span.

Y
C,=—— 2.1
212
Gy ) ( )
N
C,=—— 2.13
qSw by @13)

Each of these coefficients is built up out of several components shown in Equation 2.14. They
consist of the stability derivatives with respect to sideslip angle 3, shown in Figure 2.9, and control
derivatives with respect to rudder deflection angle ¢, and aileron deflection angle 4,.

c, Cyy Cy, Gy, Cy,, é
C =G, G CzﬁR G, 5 (2.14)
C Cn Cn. Cn Cy 5

0 8 5 ba a

Technically, derivatives for slats and spoilers could also be added to this analysis as proposed by
USAF DATCOM [2] for instance. Moreover, every moving component on the wing that influences the
forces and moments could be added as long as they are used asymmetrically or create an asymmetric
force distribution, otherwise, there is no influence on the lateral and directional stability and control.
However, most analyses, such as Obert [14], Raymer [16] and Roskam [22], just use most or all of the
derivatives shown in Equation 2.14. The terms for Cyo, Clg, and Cn0 are the Cy, C, and C,, when g,
d,,and ¢, are set to zero. However, these terms can be assumed to be zero for airplane configurations
that are symmetrical. This results in the final set of derivatives in Equation 2.15.

C, Cy, CyJR Cy,, B
C = Clﬁ ClrsR Clria 61?. (2 1 5)
Cn c, C, C, dq

8 r da

)

Keep in mind that the overall objective of this research is to implement the DeLaH in the vertical
tail. Therefore a link between the aerodynamics of the vertical tail and the stability analysis is required.
This link is provided by the vertical tail lift curve slope (C,_),,. The (C,_),, affects the stability analysis
through the stability and control derivatives with respect to S|desI|p and rudder deflection angle as seen
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in Equation 2.15. This approach will also discussed in chapter 4, and the individual derivatives will be
discussed in the next section (section 2.5).

2.5. Stability and control analysis: Fokker / Obert

In the next sections the Fokker / Obert [14] method to obtain these stability and control derivatives will
be discussed. It should be stressed that the method assumes steady-state conditions for the vertical
tailplane sizing. Also, the method is intended for conventional transport aircraft, which is in the high-
subsonic-speed regime.

2.5.1. Stability derivatives: Components

As discussed in section 2.1, the main purpose of the vertical stabilizer is to provide directional and
lateral stability. The stability derivatives of interest are the derivatives with respect to sideslip angle
5. The sideslip angle is defined as clockwise positive as seen from above as shown in Figure 2.9.
The derivatives of interest are the side-force-due-to-sideslip derivative C, 5 the rolling-moment-due-to-
sideslip derivative Clﬂ, and the yawing-moment-due-to-sideslip derivative Cnﬁ. Based on Figure 2.9 it
can be determined that for adequate static stability Cy, is negative, Clﬁ is desired to be negative, and
Cy, is desired to be positive [22]. ‘

To be able to size the vertical tail, the contribution of the vertical tail to the stability derivative needs
to be found. This is done by dividing the stability derivatives in a component without the tail, the so-
called tail-off component, the horizontal tail component, and the vertical tail component as seen in
Equation 2.16, Equation 2.17, and Equation 2.18. The tail-off component uses the subscript 7'— O and
is the whole aircraft without the vertical tail. Sometimes this component is also referred to with the sub-
script W EF'N, which stands for the wing, fuselage, and nacelles, respectively. Note that the horizontal
tailplane is only included for the rolling moment derivative since it only influences the rolling moment
and not the side-force, and yawing moment. The wing, fuselage, nacelle, and horizontal stabilizer in-
terference are included as an interference factor in the vertical tail component via the sidewash. More
on this will be discussed later in this chapter.

Cy, = (Cyﬁ>Tfo + (cyﬁ)v (2.16)
Clﬁ - (ClB)T—o + (Clﬁ)v + (Clﬁ)H (217)
Cu, = (C@)Tio + (Cnﬂ)v (2.18)

2.5.2. Stability derivatives: Tail-off components
First, the tail-off components are presented in Equation 2.19, Equation 2.20, Equation 2.21, and Equa-

tion 2.22. Starting with (CyB)T o which is based on USAF DATCOM [2] and NACA TN D-6946 [24].

The only difference, however, is that a correction is applied for the number of nacelles for both wing
and fuselage-mounted nacelles, (n,qc)y @nd (nnac) g, respectively. This correction for the nacelles is
based on various wind tunnel tests. The factor K; is the wing-body interference factor for wing-body

sideslip derivative Cyﬁ and values can be obtained by using Figure B.1. In addition, (Acyﬂ) l is also

added. This is the contribution to the side-force-due-to-sideslip derivative due to flap deflection of the
wing flaps d7;. The corresponding values for various degrees of flap deflection can be found in Fig-
ure B.2, which gives average values for wings with slats as well as wings without slats. Both the added
correction for the nacelles as well as the flap deflection have a small but still considerable influence on
the tail-off side force derivative and are therefore included.

Sfus.cross 2
(Cyﬂ>T_O _ Ki—>— —0.0001T,, + (Acyﬁ)ﬂ — 0.00175 (Rnge)yy — 0.00025 (Rpac) p

S, ‘573
(2.19)
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Next, (C’lﬁ>T + in Equation 2.20, is also based on on USAF DATCOM [2] and NACA TN D-6946

c
[24]. The influence of the wing dihedral, i, is obtained from Figure B.3. The wing aspect ratio,

sweep, and taper influence is incorporated in ——-, which is the lift-dependent tail-off roling-moment-
due-to-sideslip and is determined with either Flgure B.4, and Figure B.5 or with Equation 2.21.

C Cr C z D 2
== W 2Ty, — (—0.042—"%— 4 0.0005L, | /4, | ZLwme
(Clﬂ)quo <C’LW> 57.3 <F ) w ( 0.0 Dius,on +0-0005 W) W< b >

" " (2.20)
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Equation 2.22 shows (Cns )T _, thatis again based on USAF DATCOM [2] and NACA TN D-6946
[24], but the contribution of the flap deflection of the wing flaps d4; is added, similar to tail-off side-force
derivative. The value for (ACnB> ; can be obtained from Figure B.2. Different from the tail-off side

force derivative, the nacelles do not influence the tail-off yawing moment. The empirical factor related
to sideslip derivative Cnﬁ for body and wing-body interference, K, is determined with Figure B.6. Note

that this factor K incorporates the effect of the fuselage Reynolds number, Re;,, .,..., directly in the
graph, whilst the original USAF DATCOM splits this in a K ,, without fuselage Reynold number effect
and a separate fuselage Reynolds number correction factor K, . The USAF DATCOM approach may
be useful if fuselage Reynolds numbers between 80 - 10~ and 350 10~% occur, as found in Figure B.7.

(C,Lﬂ>T_O K, ‘ZBS é n (AO B)ﬂ (2.22)

2.5.3. Stability derivatives: Horizontal tail component

Second, the horizontal tail component is discussed. (CZB>H, as seen in Equation 2.23, is based on

i
Roskam [22]. The dihedral term, (Fj) I'y, is obtained in the same way as in Equation 2.20 by

using Figure B.3 for % One consideration is that in USAF DATCOM [2], an additional compressibility
correction factor is used in the form of K, , which is multiplied with the dihedral term. The value
for this factor can be obtained from Figure B. 8. However, this compressibility correction factor is not
used by Roskam, and therefore Equation 2.23 is used directly. Another important thing to consider is

that (Clﬁ)H is positive when the horizontal tailplane is mounted on the fuselage or low on the vertical

tailplane, negative when mounted high on the vertical tailplane and has no influence on the overall
rolling-moment-due-to-sideslip when mounted halfway on the vertical tailplane span [2]. The dynamic
pressure ratio, %H is obtained from Torenbeek [15], where %H is 0.85 for fuselage-mounted horizontal
tailplanes, 1.0 for T-tails, and 0.95 for fin-mounted horizontal tailplanes.

Cl S
_ 5 du
(C%>H - (FH> i g (2.23)

2.5.4. Stability derivatives: Vertical tail components

Third, the vertical tail components are discussed. First, the forces and moments at the vertical tail are
defined, Equation 2.24, Equation 2.25, and Equation 2.26, respectively. Figure 2.3 can be used as a
reference for the rolling and yawing moment arms l., and [, . Also, note that the vertical tailplane lift
curve slope is (Cz,, ), , which is the most common notation in stability analysis literature. Technically,
this refers to the vertical tailplane as a standalone component. In the context of full aircraft, this should
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be Cy,. However, this may be confused with the very similar notation for vertical tailplane side-force-
due-to-sideslip derivative (Cyﬁ> , which will be introduced later in this section. To prevent confusion
(Cr,), will be used for the vertical tailplane lift curve slope throughout this report.

Y), =(Cr,), ayq, S, (2.24)
(L), =(Cr.), avq, S, 1z, (2.25)
(N), =(Cr.), avq, S ls, (2.26)

The angle of attack at the vertical tailplane is described by Equation 2.27. Here 3 is the sideslip
angle and o is the sidewash angle, which is a result of various aircraft components altering the flow,
as seen in Figure 2.10a and Figure 2.10b. The effects on the spanwise circulation distribution and
downwash are shown in Figure 2.10c and Figure 2.10d. The incidence angle of the vertical tailplane,
i,, is the angle between the vertical tail chord and the fuselage centerline. As explained earlier, the
vertical tailplane incidence angle is not always zero. For instance when considering propeller/turboprop
aircraft, where the vertical tailplane must counteract the forces on the aircraft due to the rotating flow
coming from the propeller. This means that the pilot does not have to give a constant rudder input to
counteract this rotating flow effect. For this research, however, only turbofan/jet engines are considered,
and therefore it may be assumed thati, = 0.

o, =B+o0+i, (2.27)

Next, the sideslip and sidewash angles can be substituted as seen in Equation 2.28, Equation 2.29,
and Equation 2.30.

(Y), =(Cr,), (B+0)g,S, (assumingi, =0 degrees) (2.28)
(L), =(Cr,), (B+0)q,S,l., (assumingi, = 0 degrees) (2.29)
(N), =(CL,), (B+0)q,S, 1., (assuming i, = 0 degrees) (2.30)
To obtain the coefficients, all should be normalized by using Equation 2.31 based on [22].
Y) (L) (V)
C — v C — v Cn = 4 231
( y)V qSW ; ( l>v qSWbW ) ( )v qSWbW ( )

This gives the side force, rolling moment, and yawing moment coefficients in Equation 2.32, Equa-
tion 2.33, and Equation 2.34, respectively.

(Cy), = (Cr.), (B+0)7Eg- (2.32)
S, L.

(@), = (Cr.), (B+0) 5 (2.33)
Sy ly

(Cn), =(CL.), (B+0) %v sv - (2.34)

Finally, the derivatives with respect to sideslip angle, 3, are taken to obtain the final vertical tailplane
side-force-due-to-sideslip derivative (Cyﬂ> , vertical tailplane rolling-moment-due-to-sideslip deriva-
\%4
tive (Clﬁ) , and vertical tailplane yawing-moment-due-to-sideslip derivative (Cnﬁ) , presented in
Equation 2.V35, Equation 2.36, and Equation 2.37, respectively. Y

6o\ g, S,
(Cy[,)v = (Cr.), (1 + 55) v (2.35)
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Figure 2.10: CONFIDENTIAL Flow in sideslip [14].
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(Clﬂ)v =(CL.), <1+ 5/3) . (2.36)
o 60 qV Svlftv

(Cnﬁ)v - (CLU()V <1 + 66) ; S‘/wa' (237)

With these derivatives now established and the geometric variables assumed to be known, expres-
sions need to be found for the lift curve slope, (Cr,, )., and the sidewash parameter, (1 + %g) %V which

will be done in subsection 2.5.5 and subsection 2.5.6, respectively. Be careful that these derivatives
are still expressed in the body frame and not in the stability frame as they use ly,, 1., andnoti,

v

lzs . Furthermore, the signs of (C’yﬁ) and (C,ﬁ) are negative due to their direction relative to the
\%
aircraft CG. v v

2.5.5. Stability derivatives: Vertical tailplane lift curve slope

The vertical tailplane lift curve slope in 2D is dictated by the airfoil shape. When going to 3D the
geometry of the vertical tail also becomes part of the estimation of the lift curve slope. Also, the dorsal
fin may affect the lift curve slope, as well as the endplate effect due to the presence of the horizontal
tailplane.
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Effect of vertical tailplane geometry on vertical tailplane lift curve slope

Looking at Figure B.9, Figure B.10, and Figure B.11, it can be seen that for vertical tail surfaces, or for
all lifting surfaces for that matter, with low aspect ratios (4, < 1.5) the lift curve slope is affected by
the shape of the planform very little. The geometric parameters that dictate the shape of the planform
are the sweep A, taper ratio A\, and aspect ratio A. In addition to these characteristics, the tip shape
also has very little effect on the lift curve slope, because the vertical tail side force derivative is mainly
dependent on the tail span and to a first order, not dependent on the tip shape according to Obert [14].

Effect of dorsal fin on vertical tailplane lift curve slope

In general, one could argue that a properly designed vertical tail does not need a dorsal fin, however,
for completeness, the general effects of a dorsal fin on the lift curve slope will be discussed shortly.
The dorsal fin is normally added to the vertical tail to increase the angle of attack at which it stalls.
Figure B.12 shows that the dorsal fin shape and size do not change the yawing moment for small
to medium yaw angles. Figure B.13 and Figure B.15 give the horizontal displacement of the vertical

tailplane aerodynamic center, Tecy (normalized by ¢,, ), against the dorsal fin over vertical tail surface

EV

ratio, % This proves that the larger the dorsal fin size, the more the vertical tail aerodynamic center
v

moves forward. Knowing this and since the yawing moment does not change with dorsal fin size, it can

be concluded that the side force must increase and therefore also the vertical tailplane lift curve slope.

This is also reflected by Figure B.14 and Figure B.16, which show the combined vertical tailplane +

- . (CLa) . , :
dorsal fin lift curve slope over dorsal fin lift curve slope, W against the dorsal fin over vertical
>’y

tail surface ratio, —gdf. Here an increase in dorsal fin size results in an increase in vertical tailplane lift
\%4
curve slope.

To incorporate the effect of the increased vertical tailplane lift curve slope due to the dorsal fin in
the stability derivatives, the moment arm simply needs to be adjusted. Based on the relations found
above, the new effective vertical tailplane yawing moment arm including dorsal fin, IZVW , can be found
by using Equation 2.38 in combination with Figure B.13, Figure B.14, Figure B.15, and Figure B.16.

_ALL'QCVE . (CL“‘)V I
v v (CLQ)V+df ’

Ty 4 ar

(2.38)

\4 C v

Endplate effect on vertical tailplane lift curve slope

USAF DATCOM [2] uses the effective aspect ratio 4, . from Figure B.17, which includes a correction
factor that accounts for the horizontal to vertical tailplane surface ratio (or tailplane area ratio) S,, /S,
to calculate the lift curve slope of the vertical tailplane including the endplate effect of the horizontal
tail. Fokker / Obert [14], uses a slightly different approach based on empirical data, which will also be
the approach used in this research. With Equation 2.39 the endplate effect of horizontal tailplane at
zero horizontal tailplane angle of attack can be calculated and it consists of two components. First,
the effect of the relative vertical mounting position of the horizontal tailplane, ((KVH)SH /Sv=1-33>QH _
where the vertical mounting position of the vertical tailplane is z, /b,,. The values can be obtained
from Figure B.18, Figure B.19, Figure B.20, Figure B.21, and Figure B.22. Second, the effect of the

relative horizontal to vertical tailplane surface ratio, Ky =l ) , can be obtained with
=0

( VH)sH/sV:Lssil
H

Figure B.23.

The two components are combined in Equation 2.39 and the resulting value (KVH)QH:0 can be

found in Figure B.24. It should be noted that in the data used to obtain these graphs, a distinction is
made between (K, ), _, from ¢y, and Cy, . For this research the calculated value for (KVH)aH:0

is assumed to be the same for C’yﬁ and C"B ,' since the relationship in Equation 2.39 is based on the
average values of both Oyﬁ and C,Lﬁ, even though the individual datapoints of Oy/3 and C,Lﬁ for the
same aircraft are not the same.
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K,, -1
(KVH)G”:O B (((KVH)SH/szl'%)aH—O - 1> <(KVH)S /S, =1.33 — 1) =0 i (239

With the endplate effect of the horizontal tailplane at zero horizontal tailplane angle of attack known,
the total endplate effect of the horizontal tailplane on the vertical tailplane can be calculated. This
is done with Equation 2.40, where the (KVH)QH:O is corrected for the effective horizontal tailplane
angle of attack. In this equation, the horizontal tailplane zero-lift angle of attack relative to the tailplane
reference plane, o7, , is always 1.5 deg, according to the data that is used to construct the graphs to
obtain (KVH)QH:o- Note that this equation sometimes uses the value 0.013 instead of 0.014 in the

Fokker / Obert method [14] for unknown reasons. The horizontal tailplane angle of attack, «,,, can be
found with Equation 2.41, where ¢ is the downwash and i,, is the horizontal tailplane incidence angle.
The downwash may be calculated directly based on the aircraft design or the estimated values from
Fokker / Obert [14] can be used. The latter are not included because they are very specific to the types
of aircraft presented in the paper. Also Figure 2.10d shows the change in downwash when sideslipping,
showing this gives an uneven downwash distribution, proving estimations are needed for the overall
downwash.

Koy =Ko, - [1-0.014 (o, +0F)] (assume o, = 1.5 deg) (2.40)

a, =a+eti, (2.41)

On afinal note, the K ,,, factor found with Equation 2.40 can simply be used as a correction factor
to (Cr,.), toincorporate this endplate effect in the vertical tailplane lift curve slope.

2.5.6. Stability derivatives: Sidewash

Next to the vertical tail lift curve slope, an expression for the sidewash parameter, (1 + g—g) q(TV to the

stability derivatives is needed. g—g is officially the sidewash-angle-to-sideslip-angle ratio, but often re-

ferred to as sidewash or sidewash factor. Furthermore, %V is the effective-versus-free-stream dynamic
pressure ratio, which accounts for the fuselage boundary layer effect.

The sidewash at the vertical tailplane is the result of various aircraft components upstream alter-
ing the velocity and direction of the flow. The more upstream aircraft components are taken into
account, the more accurate the estimation of the sidewash becomes. The sidewash described by
Fokker / Obert [14] consists of seven different components and related effects, namely the effect of the
fuselage-vertical-tailplane interference, wing-fuselage interference, wing dihedral and sweep, rolling-
moment-due-to-sideslip, wing flap deflection in landing position, engine nacelles on the wing, and en-
gine nacelles on the rear-fuselage.

Note that the components discussed in this section are the main and most important components
of transport aircraft that play a role in the formation of sidewash. One potential addition to these com-
ponents could be the landing gear during landing and take-off. However, the main goal of this research
is the implementation of the DelLaH into the vertical tail. A prerequisite for this is laminar flow at the
vertical tail and this is most likely not the case during landing and take-off. Moreover, the contribution
of the landing gear to the sidewash is most likely very small and therefore negligible.

Effective-versus-free-stream dynamic pressure ratio and fuselage-vertical-tailplane lift carry-
over effect

Before going into the sidewash contributions, the effective-versus-free-stream dynamic pressure ratio
and fuselage-vertical-tailplane lift carry-over effect should be addressed. The effective-versus-free-
stream dynamic pressure ratio is %V as addressed earlier, and accounts for the fuselage boundary
layer effect. To incorporate the additional lift generated by the vertical tail because of the fuselage
being nearby, the so-called fuselage-vertical-tailplane lift carry-over effect, K., is introduced. Both of
these combined %VKFV can be obtained through Figure B.25. All sidewash contributions in the next
sections are either already or should be multiplied by this value.
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Effect of fuselage-vertical-tailplane interference on sidewash
The first effect contributing to the sidewash is the fuselage-vertical-tailplane interference, which is vi-
sualized in Figure 2.10c and Figure 2.10b. In Equation 2.42 is the expression to quantify the fuselage-

vertical-tailplane interference on sidewash, where (1 + g—g)w is the fuselage-vertical-tailplane inter-
ference factor. Figure B.26 can be used to obtain the value for this sidewash contribution.

oo q

1+ — LK, 2.42
( 55) rv 4 v ( )

Effect of wing-fuselage interference on sidewash

The second effect contributing to the sidewash is the wing-fuselage interference, (Ag—g) . which can

be calculated with Equation 2.43. Next to the equation, Figure B.27, Figure B.28, and FiguVrVe B.29 show

the graph where the equation is based upon, for further reference. For the geometric definitions of &,
and Dy,s,,.., refer to Figure 2.8.

oo g by,
<A5ﬁ>hw ?KFV = —0.407Dfusmw (2.43)
Effect of wing dihedral and sweep on sidewash

The third effect contributing to the sidewash is (Ag—g)r, which is the wing dihedral and sweep. Equa-
tion 2.44 is used to obtain the corresponding values for the wing dihedral and sweep contribution. The
equation is based on Figure B.30 (bottom) where the <A01ﬂ> was implemented to also cover the
wing sweep, instead of just the wing dihedral as seen in Figure B.30 (top). The rolling-moment-due-
to-sideslip due to wing dihedral, (A(Jlﬂ)r, can be found with Equation 2.45, which is just the part of

c
Equation 2.20 that is governed by the wing dihedral. The influence of the wing dihedral, Fﬁ is obtained
w
from Figure B.3. Again, for the geometric definitions of i, and Dy, .., refer to Figure 2.8.

oo\ ¢ h
A—| LK, = 11 —7 ) (A 2.44
(235), 0 = (o sog) (201, 248

(Aq) _ (%N v~ oo00sr, i (Prusse ) (2.45)
sJr=\T, ) v wVAw T

w w

Effect of rolling-moment-due-to-sideslip on sidewash

The fourth effect contributing to the sidewash is the rolling-moment-due-to-sideslip, (A%)C , de-
g

scribed by Equation 2.46. It consists of the tail-off rolling-moment-due-to-sideslip, (Cle )T o’ which is

calculated with Equation 2.20 and Equation 2.21, also making use of Figure B.3 Figure B.4, and Fig-

ure B.5. Next to that, the tail-off rolling-moment-due-to-sideslip at zero lift coefficient, ((%)T oc o’
-0, L:0

is required. This is calculated in the same way as the (Clﬁ) o described above, but the term that

57.3
(Agg)c, =050 [(Cls>T_o - (Cla)T_QCL:J (2.46)

Effect of wing flap deflection in landing position on sidewash

c
contains the lift coefficient is set to zero. In other words, in Equation 2.20 (C:ﬁ ) Cry is set to zero.
w

The fifth effect contributing to the sidewash is the wing flap deflection in landing position, (Ag—g)ﬂ e
tag
and is described by Equation 2.47. The equation is derived from Figure B.31 and it is dependent on

the relative flap span, namely b, .
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b
(A(SU) = —0.80 ( —0. 67) (2.47)
op fl,ldg bw

In the case of smaller wing flap deflection when not in landing, the effect of wing flap deflection
on the sidewash is proportional to the wing flap deflection angle [14]. This is shown in Equation 2.48,
where §;, is the wing flap deflection and dy; ;4,4 the wing flap deflection during landing, assuming the
latter is equal to the maximum flap deflection.

oo b 6fl
A— = —0.80 0.67 2.48
( 5ﬂ> (bw > Of1,1dg (2.49)

Effect of engine nacelles on the wing on sidewash

The sixth effect contributing to the sidewash is the engine nacelles on the wing. Based on a comparison
between the calculated sidewash of aircraft without nacelles and the measured sidewash of the same
aircraft with nacelles on the wing, an average effect of nacelles on the wing on the sidewash was found.
The value presented in Equation 2.49 can, depending on the aircraft type, be positive or negative.
Based on the available data it is chosen to use a negative sign, since for similar aircraft types with
more engines, the sidewash due to the the engine nacelles on the wing decreases. Note that this
value also may be -0.04 instead of -0.03 because the Fokker / Obert method [14] gives different values
throughout the report for unknown reasons.

oo
A— ~ —0. 2.49
(66>NW +/ - 008 (249)

Effect of engine nacelles on the rear-fuselage on sidewash
The seventh and final effect contributing to the sidewash is the engine nacelles on the rear-fuselage

(Ag—g) o To quantify this effect the position of the nacelles on the rear-fuselage is needed. For this,

the longitudinal and the vertical position are used. The lateral position is not used, because the nacelles

are mounted on the fuselage, so therefore little variation in the lateral positioning. The longitudinal

position is described by M which is the distance between the longitudinal position of the
\4

engine exhaust, z.,,, and the longitudinal position of 0%-point of vertical tailplane root chord, 0%c; ,

normalized by the vertical tailplane root chord, ¢, . This distance is defined as positive when z,;, is
aft of 0%c,. . Figure 2.11 visualizes this Iongltudlnal positioning. The vertical position is described by
% where Z., e 18 the vertical position of the nacelle center line, normalized by Dy, the fuselage
diameter. This is defined as positive when z_, . is above the fuselage center line. With the location

of the nacelles known, Figure B.33 and Figure B.34 can be used to determine (Ag—g)NF. Both figures

are combined and summarized in Figure B.35. This figure shows several cases for different vertical
nacelle positions, # , angle of attacks, «, and flap deflection angles, d;.

oo
).

Total sidewash

Combining all sidewash effects discussed before results in the total sidewash parameter Equation 2.51.
Note that all terms are summed and subsequently multiplied by the effective-versus-free-stream dy-
namic pressure ratio and fuselage-vertical-tailplane lift carry-over effect. Also the effect of wing flap

fjeﬂectlon in landing position on sidewash (A w)ﬂﬁg can be changed to (A M)ﬂ, when not in land
ing.

6o\ 4y
1 —_— K =
( +65) g v

@2.51)
do So do do do do do q
1+ A% A% A% A% A% A2 Iv
(( +55> +< 6ﬁ>hw+( M)ﬁ( w)cl +( 65>fudg+< éﬂ)NW+< 6B>NF> g TV

8
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Figure 2.11: CONFIDENTIAL Position of rear-fuselage engine nacelles [14].

Be careful with the endplate correction factor as this equation sometimes uses the value 0.013
instead of 0.014. Also, be careful with the effect of engine nacelles on the wing on sidewash as this
value sometimes is -0.04 instead of -0.03. For both, it is unknown why these values vary throughout
the report of the Fokker / Obert method [14].

2.5.7. Control derivatives: Rudder

As discussed in section 2.1, the main purpose of the vertical stabilizer is to provide control over the
aircraft. This control is provided by the rudder. The control derivative with respect to rudder deflection
angle ¢, is therefore required. This can be done with Equation 2.52, which shows the side-force-due-
to-rudder-deflection coefficient, (C,) 5, This can be split into the side-force-due-to-rudder-deflection

derivative, ¢y, and the rudder deflection angle, 6,,. In essence, this equation is very similar to the

derivatives due to sideslip, only using - %5 instead. This is the control effectiveness of the rudder, which

is the effect of the rudder lift curve slope on the vertical tailplane lift curve slope. The value can be
obtained from Figure B.36 by using the rudder-chord-to-tailplane-chord ratio, namely c,, /c,,. This value
is based on the chord lengths shown in Figure 2.5 and Figure 2.4. In general rudder-chord-to-tailplane-
chord ratio is even over the whole rudder height. However, if that is not the case the rudder-chord-
to-tailplane-chord ratio at the half-rudder height 1/2h can be used as suggested by ESDU [18]. By

using ¢, /c, in Figure B.36 and knowing G M , the required value for - %5 is obtained. In addition,

Figure B.37 shows roughly the same graph as Figure B.36, but is based on 3 dimensional data rather
than on airfoil sections and the rudder data is normalized to full-span rudders with S, v, /S,

v Cis SVR
(C)s =Cyp 6,=(Cn) LK, K, st

- Yy R FV~-*VH R
R °r YV oq ¢, Sy

lo

(2.52)

With the side-force-due-to-rudder-deflection now obtained, the rolling- and yawing-due-to-rudder-
deflection can be easily found by multiplying them with their respective moment arms based on the
exposed vertical tailplane. This results in Equation 2.53 and Equation 2.54. Observe that the moment
arm for Equation 2.54 is increased by 0.30¢,,, since the rudder located is further aft than the 1/.¢,,. Also
note that if there is a dorsal fin the yawing moment arm also needs to incorporate the effect of the
presence of the dorsal fin. More on this in subsection 2.5.5 on the effect of the dorsal fin on vertical
tailplane lift curve slope. Additionally, these derivatives are still expressed in the body frame and not in
the stability frame as they use lxv, lzv and not lwsv , lzsv , which should be accounted for. Finally, the

sign of (Cn>5R is negative due to its relative direction to the aircraft CG.
14

c S, L
(C)s, =C, 0, =(CL,) g g s VR Vrer s

s YR aly FvitvH
R q ¢, S W

(2.53)
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” Iy , + 0.30¢,,

— — \4 R re

(Cn)éR - 07»5R 0p = (OLQ)V ?KFVKVHZWT(SR (2.54)
For the case with a maximum rudder deflection Equation 2.55, Equation 2.56 and Equation 2.57 are

used. Generally, §,, is about 35 deg for the maximum side force at ¢, /¢,, between 0.20 and 0.35, which

is the normal range for the rudder-chord-to-tailplane-chord ratio. Also, the side force due to rudder

deflection is linear up to 6, = 25 deg, but between 25 and 35 deg it reduces by 10 to 15%, which is

reflected by the 0.90 in the equations.

(Cymaw)% = 0-9003/% Opnn (2.55)

(Cinar)s,, = 0-90C, O, (2.56)

(Co)s. =0.90C, 6, (2.57)
R 5p Bmaz

2.5.8. Control derivatives: Aileron
The second and final contribution to control derivatives is the control derivative with respect to the

aileron deflection angle ¢, where 6, = ((5,,,)7.@“ - (5a)zeft) /2. These derivatives are not provided

by the Fokker / Obert method [14], thus other sources are used. According to Roskam [22], C,, can
be neglected. That still leaves the other two derivatives. These can be obtained with the so-called
strip method, for which the geometry is shown in Figure 2.12. The aileron is seen as a simple flap.
This method cuts the wing area with the aileron up into i small strips, with their respective strip surface

area S;, strip chord ¢;, and strip flap chord cy,. Of each strip, the lift due to aileron deflection, (%%)

is determined, which is then used to calculate the moment around the aircraft centerline with a strlp
moment arm Y; up to the MAC of the strip. The centerline is passing through the CG of the aircraft
when seen from above in Figure 2.12. Therefore this moment is taken around the CG, just as all other
moments calculated before. Each strip is also multiplied by an empirical correction factor K¢, and by
cos(Any,), which is to account for the sweep angle at the hinge line. All the strip rolling moments are
summed, resulting in the overall rolling-moment-due-to-aileron-deflection derivative (i, , presented in
Equation 2.58 provided by Raymer [16]. The two in front of the summation sign is to account for both
ailerons.

i /
23 Ky, (%%Jf ) Y;S; cos Ay,
C, = ¢ (2.58)

da S, b

w

w

Fig. 16.22

Figure 2.12: Aileron strip geometry [16].
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To obtain the value for (%gjf ) Equation 2.59 can be used. Ky, adjusts for larger flap deflections

and is used in both Equation 2.59 and Equation 2.58. The value is obtained from Figure B.39. It uses
the flap deflection of the strip 67, and the strip flap chord over strip chord ratio cy, /c;. This ratio is taken

at the MAC of the strip. (dcl) (note the lower case |) is the theoretical lift increment for a plain flap

and is obtained from Figure B. 38. This again uses the strip flap chord over strip chord ratio and the
thickness over chord ratio of the strip at the MAC, namely ¢; /c;. S s the ratio of the strip area and the

reference area (in this case the wing). Finally, cos(Ay;,) accounts for the sweep angle at the hinge line
of the strip. Note that the 0.9 is originally used to adjust for the tip losses of the flap, however, only the
first and last strips have tip losses. It is not yet determined how to account for this. Potentially by using
the value 0.95 for the first and last strip and 1.0 for all strips in between. Also, the hinge gap influences
the lift increment. If the gap is unsealed, the lift increment is reduced by 15%.

oCcL\ ac\ S;
((,m)io.gf(fi(%f) - (2.59)

Equation 2.60 provided by Raymer [16] is based on a simplified version from USAF DATCOM [2].
It uses the rolling-moment-due-to-aileron-deflection as seen in Equation 2.58, and is multiplied by the
wing lift coefficient, CLW

C, =-020, C (2.60)
w Sa

Sa

2.6. Critical design requirements

With the parametrization, design range, and method to size the vertical tailplane (stability analysis)
known, the critical design requirements are the last step in designing a vertical tail. Critical design
requirements are the (extreme) flight conditions in which a vertical tail must still provide a certain per-
formance in terms of stability (and control). Apart from the extreme flight conditions, the static stability
requirements should still be met of course. Therefore, the static stability requirements are discussed
first in this chapter, and thereafter the extreme flight conditions. The main cases are shown below and
will be discussed throughout this chapter.

+ Static stability
» One engine inoperative (OEI)
* Crosswind landing
+ Stall
» Dynamic stability
— Dutch roll
— Spiral

* Spin

Before starting, the velocities and rudder and aileron deflection angles are discussed. These vary
for every critical design requirement.

CS-25: velocities

Most of the critical design requirements are specified in the certification specifications CS-25 for Large
Aeroplanes [25] as compiled by EASA. These regulations use several different speeds, which are
specified in Table 2.3.

To obtain the reference stall speed, V,,, Equation 2.61 can be used. V, ,, is the calibrated
airspeed at the moment that the load factor-corrected lift coefficient is at the maximum, where the
load factor-corrected lift coefficient is ("W) Here, n.,, is the load factor normal to the flight path at

Ve, max, W is the gross weight of the aircraft, ¢ the dynamic pressure, and S, the wing surface area.
V,

Vi > i/Ln;*X (2.61)
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The landing speed V,, . is taken to be 1.23 times the reference landing stall speed V., which is

assumed to have a 1-g load factor, shown in Equation 2.62, based on CS 25.125 [25].

V
Ve = 1.23V, 0 = 1.23%:‘
Where V., ,,.. can be obtained through Equation 2.63, where MTOW is used for V.
Emaay_, = % , where n,, =1
’ 2PVE, maxPw
Table 2.3: Speed types used by EASA [25].

Speed type Definition Source
\%4 Airspeed AMC 25.177(c)
Vsr Reference stall speed CS 25.103(a)
Vo, max Calibrated airspeed at the moment that CS 25.103(a)

the load factor-corrected lift coefficient

is at the maximum
Vsro Reference landing stall speed CS 25.125
Veri Reference stall speed at given condition
Vig Maximum flap extended speed AMC 25.21(g) 6.9.2 table 2
Vs Landing gear extended speed CS 25.1515(b)
Vee/Mpc Maximum speed for stability characteristics | CS 25.253(b)

dependent on Mach number with flaps and

landing gear retracted
Vio/Myo Maximum operating speed limit dependent AMC 25.21(g) 6.9.2 table 2

on Mach number
Veow Crosswind speed AMC 25.177(c)
Vo +xx Airspeed approved for all-engines operating | AMC 25.177(d)1.3

initial climb
Vaer Reference landing speed AMC 25.21(g) 6.9.2 table 2
Vaer — 9-3km/h | Reference landing speed minus 9.3 km/h AMC 25.21(g) 6.9.2g

Rudder and aileron deflections

Most of the critical design requirements use varying rudder and aileron deflection angles. Table 2.4
shows these angles for the different critical design requirements and from various sources. For one
engine inoperative and crosswind landing, the maximum aileron deflection angle values could not be
found. Based on this data, the maximum allowable rudder deflection used for this research is 35 deg,
and the maximum aileron deflection is 25 deg.

Table 2.4: Maximum rudder and aileron deflection angles for different critical design requirements.

Torenbeek
[15]

Roskam
[19]

Obert
[14]

Critical
design
requirement

Raymer
[16]

25 deg (linear)
General 35 deg (max side force) i

25 deg
35 deg (double hinged)

20 deg - -

25 - 30 deg

Roe. | ONEengine )
inoperative
Crosswind

landing

- 20 deg - -

General - 30 deg

One engine
inoperative
Crosswind

landing

Amax
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2.6.1. Static stability

The first critical design requirement is static stability. In general it can be said that G, is desired to be
negative, and C"B is desired to be positive (also C,, _ is negative) to obtain static stability [22]. CS25.177
[25] states the static stability requirements in a more precise manner. The static directional stability has
to be positive. This requirement must hold at any flap and landing gear deflection and the symmetrical
power condition (all engine operative) at a speed between 1.13V,,, and V.., V,, or V.. /M, .. The
static lateral stability may not be negative. Again, this requirement must hold at any flap and landing
gear deflection and the symmetrical power condition (all engine operative) at a speed between: a)
1.13V,,,and V.,V orV,. /M, orb)V, /M, and V., /M,., unless the divergence is gradual,

SR1
easily recognizable and controllable.

Static stability can be established by making sure the vertical tailplane uses relatively small aspect
ratios (A,, < 1.8), a large vertical tail span, large sweep angles, and optionally a dorsal fin [15]. Re-
garding the aspect ratio, it can be said that for this research A, < 1.5 as a result of using the Fokker
/ Obert method [14] described in section 2.5. The large vertical tail span has a big impact on the side
force derivative, whilst at the first order not dependent on the shape and chord length [14][17]. As for
the sweep angle and dorsal fin, they both increase the lift coefficient maximum as well as the angle of
the sideslip at which stall occurs. For small angles of sideslip, the dorsal fin also does not change the
yaw stability.

2.6.2. One engine inoperative

The second critical design requirement is the one engine inoperative condition (OEl), which is the case
when one engine of an aircraft with two wing-mounted engines seizes. Technically one could also use
this condition for an aircraft with two fuselage-mounted engines, but the moment arms would be much
smaller and therefore the influence on the rolling and yawing moment much smaller. Aircraft with more
than two engines could also be analyzed, but for simplicity, a two-engine configuration is used, since this
is most common. The critical design requirement for the OEI condition as stated in AMC 25.143(b)(1)
[25] is that when an engine becomes completely and instantly inoperative, the aircraft control should be
regained without reaching a dangerous fight condition. There are two flight conditions to be considered
for this case, namely take-off and steady flight.

The conditions for take-off consist of:
* Flap settings for take-off
» Lowest speed for a steady climb
» Engines at maximum take-off thrust
* Propeller control settings for take-off (does not apply to jet/turbofan aircraft)
» Landing gear retracted
* Trimmed

The conditions for steady flight consist of:
* Flaps retracted
» Speed of 1.23V,.,
* Engines at maximum continuous thrust
* Propeller control settings for steady flight (does not apply to jet/turbofan aircraft)
» Landing gear retracted
* Trimmed

The failure of the engine has to occur flying straight and with level wings. Two seconds after the
engine failure the recovery should be initiated by the pilot and should be done with normal control inputs
only (no trim controls). When recovering, the bank angle may not exceed 45 deg. Additionally, AMC
25.121 [25] states that in climb the maximum allowable bank angle is 3 deg. To analyze this condition
a stability analysis can be performed, which is done in the next section. A representation of the OEI
condition is visualized in Figure 2.13.
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Figure 2.13: OEI condition for aircraft with two wing-mounted engines [15] (note that Y. = ly, and !/, = lmv in text).

One engine inoperative stability analysis
First, there is a yawing moment due to the difference in thrust as seen in Equation 2.64 [15]. When
one engine is fully inoperative, the AT, is the thrust of the operative engine, where E, is the operative
engine.

(N), =AT, 1 (2.64)

E,"Ygp
Additionally, Equation 2.65 shows the yawing moment due to the additional drag of the inoperative
engine AD, , where E; is the inoperative engine. The calculation for the drag due to one engine
inoperative can be found in Equation 2.82 in the section on drag of an inoperative engine.

(N), =AD, 1, (2.65)

E

The previous two results are combined in Equation 2.66, which is the total yawing moment due to
one engine being inoperative.

(N) = (N)EU +(N), =AT, 1, +AD,l, =(AT, +AD,)l,_ (2.66)

OEI

The yawing moment can be normalized with Equation 2.67.

(Cn)ppy = Mo (2.67)
noer qswbw

This gives Equation 2.68.
AT, + AD_ )l
_ (8T, s (2.68)
@Sy by,
Next to the contribution of the engines themselves, there is also a contribution of the weight of the
aircraft to the side force due to the bank angle ¢, shown in Equation 2.69 [15].

( noger

(Y), =Wsing=Ltang~ Lo for ¢ < 5deg (2.69)
The side force can be normalized with Equation 2.70.
(Cy) e = (LlT (2.70)
Yank QSW .

This gives Equation 2.71.
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Lo

€y = 25 (2.71)
Taking the derivative of (C,),  with respect to ¢ results in Equation 2.72.
L
Yy @S (2.72)

Combining Equation 2.68 and Equation 2.72 with the stability derivatives from Equation 2.15 gives
a set of equations as seen in Equation 2.73. The maximum rudder deflection angle for one engine
inoperative may be 35 deg and the maximum aileron deflection angle may be 25 deg. As explained
earlier, the maximum allowable bank angle during climb is 3 deg. The maximum sideslip angle is not
prescribed, however, the vertical tailplane may not stall, thus the sideslip angle from Equation 2.83 can
be used. With all above the required vertical tailplane size in case of one engine inoperative can be
calculated.

Cy Cyﬁ Cyé R Cysa C% f 0 0
C = Cg/j Clé 015 0 R + 0 = 0 (2.73)
R a Oa
Cn Cn Cn Chn 0 (Cn ) OEI 0
8 Sp Sa 10

Drag of an inoperative engine

The drag components are based on the method proposed by Torenbeek [15]. The drag of an inoperative
engine, shown in Equation 2.82, consists of three parts: windmilling drag, propeller drag, and drag due
to asymmetric flight. First, the windmilling drag is the drag that comes from the windmilling of the
engine, which is when the propeller or blades in a jet/turbofan freely rotate. This drag can be split up
into external and internal components. The external drag originates from the inlet spillage, which is not
a well-understood phenomenon but can be estimated. The internal component of the windmilling drag
is the difference between the flow velocities of the incoming and exiting flow of the engine multiplied
by the windmilling mass flow. It is assumed that the static nozzle exit pressure is the same as the
ambient pressure and the nozzle exit temperature is the same as the sum of the static temperature
and 0.8 times the change in temperature from stagnation. This results in a combined windmilling drag
area described by Equation 2.74. The value for V? depends on the type of engine used as seen in
Table 2.5. Note that the windmilling drag must be calculated separately for the bypass engines with
multiple nozzles (hot and cold).

2 v, v,
— . 2 nz 1 _ nz .
A (CDS) = 00T85DF + 1=y Ane ( - ) (2.74)

Table 2.5: Values for % for various engine types based on [15].

Engine type / component Value
Straight turbojet and turboprop engines | 0.25
Low bypass ratio engines, mixed flow 0.42
Primary airflow of high bypass engines | 0.12
Fan airflow of high bypass engines 0.92

Second, the propeller drag, as shown in Equation 2.75, uses the number of propeller blades and
diameter, B, and D,, respectively. This value can be neglected for jet/turbofan engines as will be done
in this research.

A(CpS)

Third, the drag due to asymmetric flight consists of five components, namely induced drag as a result
of vertical tail normal force and change in lift distribution, profile drag from control surface deflection
(rudder and ailerons) and components in the engine (propeller) slipstream, and drag of the airframe as a
consequence of sideslipping. The induced drag as a result of the vertical tail normal force is presented

=0.00125B,D; (2.75)

prop
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in Equation 2.76 with Equation 2.77, where the effective aspect ratio is A~ , which can be obtained
eff
from Figure B.17.

)2 S .
A(CpS),,, = Gy Sy +(Cy)y S, sina, (2.76)
Verf
_ ATEo+wm'+PV‘OP ZUE
(Cy)y = s (2.77)

\4

The profile drag from rudder deflection is covered by Equation 2.78.

2.3 ~a/3 s
A(CoS)sy, =V/ES, (AVEH) (cosA1/4cv) (C)> (2.78)

By combining all the equations above, the combined drag area of an inoperative engine can be
calculated with Equation 2.79, Equation 2.80, and Equation 2.81. Note that the yawing moment arm
should be adjusted for the effect of the dorsal fin as well as being expressed in the stability frame.

thrust per engine thrust per engine

2
A (CDS)Ei = Kgs ( . +A(CpS),ym +A (CDS)pmp) +K, W (2.79)
l ? 1 1 S —1/3
K= |22] — 1423,/22 (A Ay 2.
“ (lm ) S, A ( 23 SV( Veff/cos / V) > (2.80)
v Vers
lyE dO’V
U_EdCL w (2.81)
Finally, to obtain the actual drag due the inoperative engine Equation 2.82 is used.
AD, =A(CpS), q (2.82)

One engine inoperative design requirements and recommendations

A yaw damper can be used, which changes the rudder setting to counteract the unwanted yaw due to
the inoperative engine. The yaw damper is controlled by the autopilot [15]. Making sure the tailplane
is not too large can be done with the following [15]:

» Engines not too far outboard

» Twin vertical tail

» Double-hinged rudder

* Not too low vertical tailplane aspect ratio
* Increase vertical tailplane moment arm

2.6.3. Crosswind landing

The third critical design requirement is the ability to perform crosswind landings. Crosswind landings
are landings under a (large) sideslip angle. Various sources state that the vertical tail must be able
to deal with sideslip angles up to 25 deg [14][17][15]. The critical design requirement specified by CS
25.177 [25] makes a distinction between steady, straight sideslips and full rudder sideslips. According
to AMC 25.177(c) [25] the appropriate sideslip angle for steady, straight sideslips is dependent on
the airspeed and can be calculated with Equation 2.83, with V,,, = 30 knots, and V in KCAS. The
maximum allowable rudder deflection angle for crosswind landing for steady, straight sideslips may not
exceed half the maximum rudder deflection angle of 17.5deg and the maximum aileron deflection angle
is 25 deg. The maximum bank angle is not prescribed, and therefore 3 deg is assumed, which is the
same as for the OEI condition.

B8 = arcsin (V‘C/W) (2.83)
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For full rudder sideslips, according to AMC 25.177(d), no rudder reversal may occur, and for in-
creased sideslip angles, a larger rudder deflection is required. In this case, the maximum allowable
rudder deflection is 35 deg and the aileron, and bank angles are 25 deg and 3 deg again. As the rud-
der deflection is known, the rudder reversal can be checked by comparing the signs of the associated
sideslip angles of the straight, steady sideslips, and full rudder sideslips, as they should be the same.
The second criterion is met when the sideslip angle for full rudder sideslips is larger than the straight,
steady sideslip angle, since also here the rudder deflections are known. The velocities for the full rud-
der sideslips vary for different conditions seen in Table 2.6. Equation 2.84 shows the set of equations
that is used to assess the crosswind landing condition.

0
=< 0 (2.84)
0

CU Cy 5 Cng Cy,;a Cyd,
& = C C C 0
Table 2.6: Speed and power conditions for full rudder sideslips with all engines operative, where flight condition dictates flap

B Sr Sa
CTL O”] Cn C'IL
and landing gear deflection based on AMC 25.177(d)1.3 [25].

B Sp Sa

&?’;?”Q
|

Flight condition | Speed Power
Take-off Vot+zzxtoV,.,orV, . Take-off power
Flaps up 1.23V , toV, , orV,, o /M, Maximum continuous power
Approach 1.23V,, to Vi, orV, . Idle to go-around power
Landing Vagr —9.3km/htoV, orV, . | Idleto go-around power (at V. km/hto V. _./V, )
Idle (at V.. —9.3km/h)
2.6.4. Stall

The fourth critical design requirement is that the vertical stabilizer should not stall when experiencing
high sideslip angles and deflection of the rudder in either direction in line with CS 25.177 [25] for steady,
straight sideslips and full rudder sideslips. The stall angle can be calculated with the USAF DATCOM
approach [2], which is an empirical method that makes a distinction between low- and high-aspect ratio
wings. High-aspect-ratio wings are defined by Equation 2.85, low-aspect-ratio wings by Equation 2.86,
and the borderline case by Equation 2.87, where C; is an empirical taper ratio constant [2]. For all
of the cases, the wing is assumed to be straight-tapered, have no twist, and have a constant airfoil
section.

4

A> (C1 + 1)eos(A, ) (2.85)
3
A< (C1 + 1)cos(A, ) (2.86)
3 <A< 1 (2.87)

(C1+ Decos(A, ;) — (C1+ 1)ecos(A, ;)

In the subsonic regime (0.2 < M < 0.6), the high-aspect-ratio wing stall angle is calculated with
Equation 2.88 and Equation 2.89. In these equations, the first term is for Mach of 0.2, whilst the second
term is for the increase between Mach 0.2 to 0.6. All terms are obtained from empirical data [2] and
the zero-lift angle of attack o, can be assumed zero for vertical tailplanes as they are symmetrical.

Cp = (CL) o+ ACE, (2.88)
Clr’]rﬂ/w
C

ag, = —CLZ‘ +ap+Aag, (2.89)

The low-aspect-ratio wing stall angle in subsonic conditions is calculated by Equation 2.90. Again
the terms are obtained through empirical data [2], where the first (base) term is dependent on aspect-
and taper ratio, sweep angle, and Mach number. The second term is a shift to this base value again
dependent on aspect- and taper ratio, sweep angle, and Mach number.
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., = (ac) +Aa,, (2.90)

base

For the subsonic borderline case, either the high- and low-aspect ratio approach may be used.

For the transonic regime (0.6 < M < 1.2), there is no method available for high-aspect-ratio wings.
For the low-aspect-ratio wings, Equation 2.91 is used, where the first term is calculated with the method
for subsonic speeds (Equation 2.90) at a Mach number of 0.6. The second term is the change due to
Mach number between 0.6 and 1.2. Again all of the terms are obtained through empirical data [2].

(O‘cham ) " = (achw > o + Aacham (2.91)

Finally, the stall angle is also affected by rudder deflection, which is accounted for with a method

by Raymer [16]. In Equation 2.92, (O‘cL ) is the stall angle without rudder deflection calculated
mar /s =0

with the USAF DATCOM method described bel%ore. This value is adjusted by a change in zero-lift angle,

which consists of the change zero-lift angle itself, A« , and an adjustment for the amount of the rudder
deflection relative to the maximum rudder deflection.

ac,,,. = (0c,,,.)  —Aa, ( o ) (2.92)

Rmax

The zero-lift angle is calculated with Equation 2.93, where the airfoil zero-lift angle is assumed to
be 15 deg for landing and 10 deg for take-off, according to Raymer [16]. This value is proportional to
the flapped surface and adjusted for the hinge line sweep angle.

Aa,, = (AOzOL)MTfml (Sg’ml> cos(A,,) (2.93)
ref
As a design recommendation, the stall angle can be increased by changing the sweep angle and
adding a dorsal fin, as they both increase the lift coefficient maximum as well as the angle of the sideslip
at which stall occurs. For small angles of sideslip, the dorsal fin also does not change the yaw stability.
Also note that the earlier requirement, that the vertical tail may not be in the efflux of the engines [15],
applies to the stall condition as well. Refer to subsection 2.2.2 on how to apply this requirement.

2.6.5. Dynamic stability

The two dynamic stability cases to consider are Dutch roll and spiral.

Dutch roll

The Dutch roll is an oscillatory yawing and rolling motion due to a perturbation, shown in Figure 2.14.
According to CS 25.181 (b) [25], at a speed between 1.13V_. and V.., V, . or V.. /M,.., Dutch roll
must be damped with controls free as well as possible to be controlled by the pilot with primary controls.
One way to ensure that the Dutch roll can be damped is by ensuring Chn, is of a relatively large positive
value [22][23]. It is common to have 0.04 < Cnﬂ < 0.10 for subsonic aircraft with one engine and
0.10 < Cnﬁ < 0.25 for transport aircraft. However, when wing sweep is present, the lift coefficient
and flap setting also become important. Therefore, to ensure the Dutch roll is properly damped, a yaw
damper is used. This yaw damper changes the rudder setting to counteract the unwanted yaw of the
Dutch roll. The yaw damper is controlled by the autopilot [15]. In addition, the C’lﬂ is desired to be of a
relatively small negative value to dampen the Dutch roll [22][23].

Spiral

Spiraling is yawing to one side and over time an increased rolling motion due to a perturbation. This
results in a downward spiral trajectory with an increasing bank angle over time, shown in Figure 2.15.
It is desired to dampen this spiraling motion. According to CS 25.181 (a) [25], at a speed between
1.13V,,and V,,, V, ,or V.. /M,., it must be possible to damp the spiraling motion with the primary
controls free as well as fixed. For increased spiraling motion damping a relatively large negative Clﬁ is
desired and a relatively small positive value for Ch, [22][23]. Nevertheless, with the use of an autopilot,

a bit of spiral instability is allowable [15].
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Dutch roll versus Spiral

As established before, Dutch roll and spiral need to be damped, but the means to do that are conflicting
in terms of Clﬁ and Cnﬁ, as visualized in Figure 2.16. To obtain enough damping for both, the vertical
tailplane surface, S, and vertical tail moment arm, lfﬂv’ can be increased, which increases C’nﬁ and
the wing dihedral, I',,,, can be increased to decrease Clﬁ [23]. For the Dutch roll damping, the negative
effect of the decrease of the value of Clﬁ is outweighed by the increase in Cnﬁ [22].

C
( nB)V Spiral

instability

Spiral stability
and convergent
Dutch roll

Divergent
Dutch roll

-(ClB)V

Figure 2.15: Spiral [23]
Figure 2.14: Dutch Figure 2.16: Lateral stability diagram
roll [23] based on [23]

2.6.6. Spin

When in a spin the aircraft must be able to restore to non-spinning flight. Spin is different from a spiral,
since spin is the result of a stall, whilst the spiral is the result of a perturbation. The spin can be
controlled with the rudder and therefore the rudder must work under these conditions. One important
factor is the horizontal stabilizer placement, because the horizontal stabilizer may stall during the spin,
making the rudder ineffective. The horizontal stabilizer must therefore be placed in such a way that a
part or the whole rudder is not in the separated flow region behind the horizontal tail. This is shown in
Figure 2.17. It is advisable that for a 45 deg angle of attack, a third of the rudder surface area must be
out of the separated flow region from the horizontal tailplane. This is based on the assumption that in
this case, the horizontal tailplane separated flow region has an angle of 60 deg from the leading edge
and 30 deg from the trailing edge [15]. Other improvements are the use of a dorsal fin or anti-spin fillets,
which are dorsal fins for the horizontal stabilizer [26].

UNDESIRABLE

sep
GOOD GOOoD

40w during a spin

Figure 2.17: Rudder affected by the horizontal stabilizer placement [15].
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2.6.7. Overview of critical design requirements
Table 2.7 shows the critical design requirements for every critical case. Subsequently, design recom-
mendations to fulfill the critical design requirements are also summarized.

Table 2.7: Overview of critical design requirements

Case Requirements Design recommendations
Static CS25.177 [25]: - Small vertical tailplane aspect ratio (4,, < 1.8 [15]
stability At any flap and landing gear deflection and the or A, <1.5when using Fokker / Obert method [14])
symmetrical power condition (all engine - Large vertical tailplane span [15][14]
operative): - Large vertical tailplane sweep angles [15][14]
1) static directional stability must be positive ata | - Dorsal fin (optionally) [15][14]
speed between 1.13V ., and V., V, , or
Veo/Mpe-
2) static lateral stability may not be negative at a
speed between:
a) 1.13Vgp, and Vo, Vo p or Vi /My
b) Viio/M,,o and V. /M, ., unless the
divergence is gradual, easily recognizable and
controllable.
One engine | AMC 25.143(b)(1) [25]: - Install a yaw damper [15]
inoperative The aircraft control should be regained without - Making sure the tailplane is not too large:
reaching a dangerous fight condition using - Engines not too far outboard [15]
normal control inputs only (no trim controls). - Twin vertical tail [15]
There are two flight conditions to be considered - Double-hinged rudder [15]
for this case, namely take-off and steady flight. - Not too low vertical tailplane aspect ratio [15]
The bank angle may not exceed 45 deg when - Increase vertical tailplane moment arm [15]
recovering.
AMC 25.121 [25]:
In climb the maximum allowable bank angle is
3 deg.
Crosswind AMC 25.177(c) [25]: - Ensure enough S, [3] and l,;v
Ianding Steady, straight sideslips . Ensure rudder size |arge enough
Crosswind landings can be performed up to a
sideslip angle 8 = arcsin VCVW , with
Ve = 30 knots. The maximum allowable
rudder deflection angle may not exceed half the
maximum rudder deflection.
AMC 25.177(d) [25]:
Full rudder sideslips
No rudder reversal may occur, and for increased
sideslip angles, a larger rudder deflection is
required.
Stall The vertical stabilizer should not stall when - Large vertical tailplane sweep angles [15][14]
experiencing high sideslip angles and deflection | - Dorsal fin (optionally) [15][14]
of the rudder in either direction. - Vertical tailplane not in efflux of engines
(assume efflux as cone with 6 deg half-angle [15])
Dynamic CS 25.181 (b) [25]: - Increase Cy, , by increasing S, and [, [22][23]
stability: At a speed between 1.13V, and V., V} , or (note that this is directly coupled to the spin
Dutch roll VFC/‘]\/[FC‘ Dutch roll must be damped with design recommendation)
controls free as well as possible to be controlled | . Subsonic aircraft with one engine 0.04 < Cp, . < 0.10
by the pilot with primary controls. - Transport aircraft 0.10 < C"B <025
- If wing sweep, then install a yaw damper [15]
(yaw damper is standard for modern aircraft)
- Autopilot for yaw damper control [15]
Dynamic CS 25.181 (a) [25]: - Decrease C;  (larger negative value) by increasing
stability: Ata speed between 1.13V, and Vi o, V,, p or T, [22]123] (note that this is directly coupled to
Spiral Vro/Mpg, the spiraling motion must be the Dutch roll design recommendation)
gan:jped with the primary controls free as well as | . Autopilot allows minimal spiral instability [15]
ixed.
Spin Restore to non-spinning flight with pilot control - Third of the rudder surface area outside of separated

inputs.

flow region from horizontal tailplane [15]
(when 45 deg angle of attack and separated flow region
60 deg at leading edge and 30 deg at trailing edge)

- Dorsal fin or antispin fillets [26]







Laminar flow control

3.1. Boundary layer theory

To explain the concepts of natural laminar flow and (hybrid) laminar flow control in subsection 3.2.1,
subsection 3.2.2 and subsection 3.2.3, a basic understanding of boundary layer theory is required.
Flow around a body can be divided into two types; inviscid and viscous flow. Inviscid flow is assumed
to have no friction, diffusion, or thermal conduction. This occurs when the Reynolds number becomes
infinite. In reality, this does not occur, but when the Reynolds number is large enough, inviscid flow is
a satisfactory representation of the flow. However, a discrepancy between this inviscid representation
and the real world is observed when looking at the flow along a surface. At the surface, the no-slip
condition must be satisfied, but this is not the case for the inviscid solution. The no-slip condition states
that the velocities at the wall are zero. To satisfy the no-slip condition, viscous flow comes into play in
the form of a boundary layer. The boundary layer, first described by Prandtl in 1904 [27], is a thin layer
of fluid flowing along a surface, where, due to the friction between the surface and the fluid, the flow is
altered [28][29].

3.1.1. Viscous flow

For viscous flow, the viscosity, diffusion, and thermal conduction need to be taken into account. How-
ever, it is assumed that there is no gradient in the chemical composition of the air and therefore (mass)
diffusion may be neglected. This leaves us with viscosity and thermal conduction [29].

The viscosity has several effects on the flow. First, when the fluid is moving along the surface, there
is a friction force between the two. This is expressed as the shear stress at the wall 7, in Equation 3.1,
where friction force is expressed per unit area. This shear stress can be used to obtain the skin friction
coefficient in Equation 3.2 and results in the so-called skin friction drag Dy [29].

Tw = [ <§Z>w 3.1)

T Tw
cp = = T2 (3.2)
Next to the shear stress, an adverse pressure gradient is imposed on the flow by the shape of the
body. The adverse pressure gradient slows the flow down as it goes further downstream. If the flow
slows down enough it can reverse its direction, called reversed flow. This may cause flow separation
from the surface, which in turn makes the flow see a larger effective body. The changed pressure
distribution due to this larger effective body results in additional drag. This type of dragis called pressure
drag due to separation, D,,, also known as form drag. To summarize, the viscous boundary layer has
two types of drag associated with it, D; due to shear stress and D, due to separation. The combined
drag is called profile drag (2D) or parasite drag (3D) [29].

In addition to viscosity that results in shear stress and separation, there is another aspect of viscous
flow of importance, namely thermal conduction. When the fluid is flowing along a body, the flow is

35
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slowed down due to friction, which increases the temperature in the fluid. This change from kinetic
energy to thermal energy in the boundary layer is called viscous dissipation. Since there now is a
temperature difference between the fluid and the body, the heat will go from the warm fluid to the colder
body. This is called aerodynamic heating [29].

3.1.2. Laminar versus turbulent

The shear stress, separation, and aerodynamic heating discussed before all depend on the type of
flow or, in other words, whether the flow is laminar or turbulent. Laminar flow is when the flow of the
fluid elements is smooth, steady, and regular [29][30]. Turbulent flow is when the flow of the fluid
elements is fluctuating, agitated, and irregular [29][30]. Whether the flow is laminar or turbulent, can
greatly change the velocity profile in the boundary layer. For turbulent flow, the flow is more energized
close to the wall, meaning that the flow velocity near the wall is higher for turbulent flow. This results in
that for turbulent flow, the shear stress and aerodynamic heating are larger compared to laminar flow.
Separation however is less prone to occur for turbulent flow and the region of separation is not as large
as for laminar flow [29].

With all previous sections in mind, Figure 3.1 summarizes everything. In addition, it shows the
difference between slender and blunt bodies. The main difference is that for slender bodies the skin
friction drag is much larger than the pressure drag due to separation. For blunt bodies, this is the other
way around. This information can be combined with the fact that for laminar flow the reduction in skin
friction drag outweighs the increase in pressure drag due to separation and for blunt bodies vice versa.
Therefore, the overall conclusion is that to reduce drag for slender bodies, the laminar flow should be
prolonged, whilst for blunt bodies, turbulent flow is preferable.

Assume viscous flow (viscosity and thermal conduction, no diffusion)

[ -—
v I " 1 v
Laminar flow I | I Turbulent flow
I ;o
A 4 | ! I N
Laminar velocity profile | ! | Turbulent velocity profile
in boundary layer 1 ] r in boundary layer
I Laminar ~ f’ I
3 | / |
1 ,t’r —Turbulent |
Shear stress | I -’ I Shear stress 1
Aerodynamic heating | I v Aerodynamic heating
Proneness to separation 7 | "~ T T T T T T T T Proneness to separation |
I""""""'D,.;;T";
- | D, >>D,
I Laminar flow desirable I
-, ——— L4
Dpt | I | Dpl
I {a) Slender body I
I _________________ I
A 4
Reduce drag of slender body Reduce drag of blunt body

by increasing laminar flow

by increasing turbulent flow

Figure 3.1: Laminar versus turbulent flow effect on boundary layer and drag. Dashed encircled images from [29].
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3.1.3. Laminar-to-turbulent transition

Earlier the distinction was made between laminar and turbulent flow, however for most flows along a
surface, they are both present (without any deliberate flow control or tripping). When there is a flow
along a surface the flow starts as laminar and can change somewhere downstream to turbulent. This
change from laminar to turbulent flow is called transition and the location of transition z.,. is measured
as a distance from the leading edge, as seen in Figure 3.2. This transition location depends on surface
roughness, the amount of turbulence in the freestream, favorable/adverse pressure gradients, and the
temperature of the fluid by the surface. Equation 3.3 shows the Reynolds number at which transition
occurs and is called the critical Reynolds number [29].

Transition
region

Laminar

|
Turbulent ;

Transition point

Figure 3.2: Boundary layer transition [29].

Ree, = 7”%/‘100“7“‘ (3.3)

There are three main mechanisms that initiate transition for swept wings:
+ Tollmien Schlichting instabilities (TSI)
+ crossflow instabilities (CFI)
+ attachment line transition (ALT)

The precise inner workings of these instabilities are not relevant to the scope of this research. What
is relevant is that for a swept wing one of the mechanisms may be dominant over the others, depending
on the Reynolds number. This is visualized in Figure 3.3, which shows the dominant transition mecha-
nism for an infinite 30 deg-swept wing at Mach 0.82 for a range of Reynolds numbers. In general, it can
be said that for transition at low Reynolds number laminar separation and TSI are dominant, and for
higher Reynolds numbers CFl and ALT are dominant [7]. Figure 3.4 shows that the transition location
is also dependent on the sweep angle. It can be observed that to obtain the same transition location for
higher Reynolds numbers as for lower Reynolds numbers, a lower sweep angle is required. The dom-
inant transition mechanisms for varying sweep angles are shown in Table 3.1. The sources use quite
different ranges for each transition mechanism, however the overall trend is clear. TSI is dominant at
low sweep angles and CFI at high sweep angles. Note that the ranges from Schrauf [8] are obtained
from a graph, making the ranges not very accurate.

Table 3.1: Dominant transition mechanisms at varying sweep angles.

Dominant transition mechanism | Joslin [10] | Joslin [12] Schrauf[8]
TSI 0-10 deg 0-25 deg 0-15 deg

TSI and CFI 10-30deg | 25-30/35 deg | -
CFI >30 deg >30/35 deg >15 deg
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3.2. Laminar flow control

Figure 3.5 and Figure 3.6 (left) show the drag components of generic transport aircraft. It can be
observed that lift-dependent drag (or drag due to lift or lift-induced drag) and (skin) friction drag are
the two main components. The friction drag component is responsible for about half (= 48 — 52%)
of the total drag of a standard transport aircraft. It would therefore make sense to try to reduce this
friction drag component [7][8]. Based on Figure 3.6 (right), the distribution of the contributing aircraft
components to friction drag can be observed, namely fuselage, wing, horizontal tailplane (HTP), vertical
tailplane (FIN), nacelles, and pylons + fairings. As established in section 3.1 to reduce friction drag, it
is beneficial to prolong the laminar flow. According to Schrauf [8] the fuselage cannot be made laminar
due to the magnitude of the Reynolds numbers. This leaves the other components. Especially, the
wing and winglike components (vertical and horizontal tailplanes) contribute greatly to the friction drag.
Since these components are rather slender and using the reasoning from Figure 3.1, a drag reduction
could be obtained with prolonged laminar flow.

100 Parasite drag Total Drag Friction Drag
) lntg;lizgr?cge drag
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o Lift S e
l— Drag due to lift Dependent //
60 1 ’
Drag . .
o Wing
40 ——
e~ Friction drag Friction
20 — Drag Fuselage
o . r—l e ]

Figure 3.5: Drag components of transport aircraft, with friction Figure 3.6: Drag components of transport aircraft, with
drag ~ 48%, drag due to lift ~ 38%, afterbody drag ~ 6%, friction drag due to the fuselage = 22%, wing = 18%,
interference drag ~ 3%, wave drag = 3%, and parasite drag horizontal tailplane (HTP) = 4%, vertical tailplane (FIN)

~ 2% [7]. = 3%, nacelles = 3%, and pylons + fairings ~ 2% [8].

The next question is how to prolong this laminar flow, or in other words, how to delay transition.
As said before, the transition location is dependent on surface roughness, the amount of turbulence in
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the freestream, favorable/adverse pressure gradients, and the temperature of the fluid by the surface.
Therefore the goal is to influence these characteristics, which can be done in three ways, namely with
natural laminar flow (NLF), laminar flow control (LFC), and hybrid laminar flow control (HLFC). NLF is
a passive method and uses a favorable pressure gradient to delay transition. LFC requires an active
system that influences the fluid in such a way that laminar flow is maintained even above the natural
Re.,. HLFC is the combination of passive and active systems, thus combining NLF and LFC [10]. Each
of the laminar flow (control) types will be discussed in the following sections.

3.2.1. Passive flow control strategies: Natural laminar flow
NLF is a passive method and uses a favorable pressure gradient to delay transition. This can be
obtained by changing the geometry of the wing.

The simplest method to delay transition is airfoil shaping. This is shaping the geometry of the airfoil
in such a way a favorable pressure gradient is maintained throughout the airfoil [10]. This maximizes the
natural laminar flow over the airfoil, thus delaying transition. Depending on the Reynolds number and
sweep angle either TSI, CFl, or ALT is the dominating transition mechanism as explained in section 3.1.
Many studies have been performed into NLF airfoils and when testing often a natural laminar glove is
used [31][32]. This glove is like a natural laminar airfoil sleeve that is placed on the wing to study NLF.

Another option is the use of discrete roughness elements (DREs). These are very small elements
with a height in the order of micrometers. The DRE can have various shapes, but often are cylindrical.
The main advantage of DRE is that they can simply be applied to an existing wing in various configu-
rations. No extra systems are required. However, the test performed with these DREs showed only
limited success and the results were inconsistent [33][34][35].

Delft Laminar Hump

A more novel method to obtain prolonged laminar flow is the DeLaH’, discovered by the Aerodynamics
Department of the Faculty of Aerospace Engineering at the Delft University of Technology. Currently,
the hump is still being investigated by a research group led by Prof. M. Kotsonis. The DelLaH is a
symmetrical smooth hump that is placed at a set distance parallel to the leading edge of the wing. The
hump could simply be glued on an existing aircraft wing. This makes it a very simple and cost-effective
solution compared to HLFC systems. The hump attenuates the growth of the CFI, reducing skin friction
drag. Wind tunnel tests were conducted with this hump on a 45 deg-swept wing at Reynolds numbers
between 2.1—2.7-10° for angles of attack between 2—5deg. The effectiveness of the hump is dependent
on the hump height, width, chordwise location, and perturbation amplitude, where the perturbation is
the CFI. With the hump, transition can be delayed up to 14%. The hump is discussed in more detail in
section 4.6 as it is the main test case in this research.

3.2.2. Active flow control strategies: Laminar flow control

LFC requires an active system that influences the fluid in such a way that laminar flow is maintained
even above the natural Re... This can be done through suction, cooling, wing morphing, and even
plasma actuators.

The most common method is suction. By applying suction through the wall where the boundary
layer is developing, stability is improved because the momentum deficit is reduced due to changes
in velocity profile, and thus the boundary layer thickness decreases. There are two main categories,
discrete and continuous suction [36][9].

Discrete suction is through slots, which are discrete long and narrow openings along the span of
the wing, through which the air can be sucked, as shown in Figure 3.7. This can either be one slot or
several with space in between. This was first tested in 1941 by Zalovcik et al. [31] and continued up to
the late 1980s [10], especially by Northrop [37][9], mainly by Pfenninger and Groth, and NASA [38][9].

Continuous suction can be done in two ways, with a perforated or porous surface, shown in Fig-
ure 3.8 and Figure 3.9. The main difference between perforated and porous surface suction is the size

"Delft University of Technology. (2023). ERC Proof of Concept grant for the Delft Laminar Hump. Retrieved January 27, 2024,
from https://www.tudelft.nl/en/2023/1r/erc-proof-of-concept-grant-for-the-delft-laminar-hump
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of the holes and therefore suitable materials [39]. The configuration of suction pumps, ducts, and inlets,
differs from system to system, but for most systems packaging causes problems, due to limited space
in wings. It is possible to reduce the size of these systems by adopting a HLFC setup and limiting the
suction to a smaller area of the wing (leading edge). Considerable contributions to the investigation
of this type of suction systems were made by Boeing [40][36] and Airbus [41][42][43][44], mainly by
Schrauf.
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Figure 3.7: Slot suction. Figure 3.8: Perforated surface
suction.

Figure 3.9: Porous surface suction.

Thermal laminar flow control uses cooling of the skin. Wall cooling greatly stabilizes TSI and to a
lesser extent CFl as was found in various studies by Lekoudis [45], Mack [46], and Bertolotti [47]. One
very promising application of wall cooling is for hydrogen aircraft. The liquid hydrogen can be pumped
along the wing surface to cool the wall as proposed by Reshotko [48].

Morphing wings are wings that can actively change their shape by deforming their skin. With this,
a morphing laminar wing can be made that actively changes its shape to prolong laminar flow as much
as possible. There are many possibilities and ways to design such a system. For instance, using
morphing segments with piezoelectric sensors that can detect whether the boundary layer is laminar,
turbulent, or in transition as proposed by Stuber et al. [49] as well as a morphing leading edge device
combined with an NLF wing as investigated by Lammering et al. [50].

Plasma actuators make use of the ionic wind concept. Here, air molecules are ionized with a large
voltage, and subsequently, these ionized air molecules move due to the electric field. This ionic wind
can be used to change the velocity profile and delay transition. One of the first to use plasma actuators
for drag reduction was Malik et al. [51], which uses a corona discharge to ionize the air molecules. In
newer research, dielectric barrier discharge (DBD) is used to control the TSI as well as the CFl, as
investigated by Roth et al. [52], Tol et al. [53], and Chernyshev et al. [54]. Most research, however, is
still in the experimental phase and is not at the stage of being implemented on an actual aircraft.

3.2.3. Active/passive flow control strategies: Hybrid laminar flow control

HLFC is a combination of the passive NLF and active LFC. It might seem that there is no case to be
made for the use of HLFC since a passive system (NLF) is much less complex and has no energy
consumption. However, for the speed regime of subsonic transport aircraft and the use of swept wings,
CFIl are dominant and these can be dealt with by using an active system (LFC). Using a combination of
the passive NLF and active LFC would combine the best of both worlds. The active part of HLFC can
deal with the CFI and the passive part minimizes the energy consumption, complexity, and expensive
systems.

In theory, every combination of the NLF and LFC types described in the previous sections could be
used in a HLFC system. However, not all combinations are feasible. The most promising combination
is the combination of a suction system and airfoil shaping (NLF airfoil). This has been extensively tested
by many aircraft manufacturing companies in wind tunnel experiments as well as flight tests. Especially
the perforated and porous suction systems are the focus of research in recent years and are the closest
to being implemented on commercial aircraft, next to passive NLF systems of course. The major wind
tunnel and flight tests were performed throughout the years by both Boeing and Airbus. In 1990 Boeing
performed flight tests with a Boeing 757 with an HLFC system on the wing, that consisted of a perforated
titanium leading edge through which suction can be applied [40][55][56][10]. It was found that a local
drag reduction of 29% could be obtained, which equates to a 6% overall drag reduction of the aircraft
[56]. Between 1998 and 2018 a major effort was made to implement a HLFC suction system in the
vertical stabilizer of an Airbus A320, under the name of the A320 HLF fin project [44][57][43][41][58][42].
Numerous flight tests and configurations have been tested, however, all variations of the hybrid laminar
flow fin used a combination of wing shaping (NLF wing) and suction at the leading edge through a porous
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wall. Significant delay in transition was found, resulting in a transition location up to 52% of the chord
[57]. Nevertheless, there are still some problems left before being able to implement this system into
commercial aircraft. For example, the problem of contamination (insects, debris, etc.) and combining
the HLFC system with anti-icing systems still need to be tackled [8].

3.3. Laminar flow control wind tunnel and flight tests

Over the years many different wind tunnel and flight tests have been performed investigating LFC.
Since there are too many to discuss here, an overview of all the research is given with the help of graphs
to visualize the various flight and geometry conditions that were covered. The plots are comprised of
data from various sources ([10][36][59][8][60]), but not all of the research was included in all of the plots
as some data was not available. Appendix C provides a full timeline of all the different flight tests, wind
tunnel tests, and research projects that have been performed in the field of LFC. To get an idea of
what tests have been done in terms of aerodynamic characteristics, Figure 3.10 shows the Reynolds
number versus sweep angle and Figure 3.11 the streamwise extend of LFC device against the laminar
maximum, both in terms of percent x/c. In Figure 3.11 diagonals are added with a gradient of one for
easier comparison of the data. Note that the Delft Laminar Hump is on the outer regions of what has
been tested before in both figures. Several of these research and flight tests are explained in more
detail in Appendix D, because of their importance for LFC implementation in modern subsonic transport
aircraft. This concerns the Boeing 757 with HLFC, the Fokker 100 with a laminar flow glove, the Airbus
A320 with a hybrid laminar flow fin, the Boeing 787 with a passive suction system, and the Airbus A340
BLADE project.
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Figure 3.10: LFC research: Reynolds number vs. sweep based on [10][36][59][8][60] (Note: research project is a collaborative
research which may include flight, wind tunnel and/or numerical tests. Some of the flight and wind tunnel tests shown in the
figure are also part of the research projects shown in the same figure. Note: rectangles and/or lines mean that the
corresponding tests were performed over a range of Reynolds numbers and sweep angles).
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Methodology

In this chapter, the vertical stabilizer parametrization, stability analysis, and LFC aerodynamics will be
combined and extended into one methodology to evaluate the DeLaH. Starting with section 4.1 the
vertical tail sizing is discussed. With the vertical tail geometry, the aerodynamic analysis can be per-
formed. In this aerodynamic analysis, the shift in transition location that models the aerodynamic effect
of the hump is implemented. The method and programs involved are presented in section 4.2. In sec-
tion 4.3 the implementation of the stability analysis by Fokker / Obert (as explained in section 2.5) and
its link to the aerodynamics is discussed. After the stability analysis, the full aircraft analysis modules
are presented in section 4.4, which consists of the weight, drag, and mission analysis, to evaluate the
performance of the full aircraft. At the end of this, the complete method is visualized in section 4.5,
which gives a more detailed flowchart of the whole system, including the inputs and outputs of each
component.

With the main method established, the test cases are discussed. The main test case is the Delft
Laminar Hump, which is explained in section 4.6. The DelLaH is evaluated on two aircraft (conventional
and T-tail), which forms the baseline configuration in section 4.7. If there is enough margin left in
the stability conditions, potentially the vertical tail can be reduced in size, resulting in additional drag
reduction. This is investigated with the sensitivity analysis proposed in section 4.8

4.1. Vertical tail sizing

The goal of this research is to implement the DeLaH in the vertical stabilizer. Therefore, first, the geom-
etry of the vertical tail needs to be established. The vertical tail can be described by the parametrization
given in chapter 2.
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Figure 4.1: Vertical tailplane sizing flowchart.

Additionally, to obtain a good understanding of the interaction between the vertical tail geometry
and the DelLaH, a sensitivity analysis is performed. Several vertical tail geometry variables will be

44
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varied within a certain range to assess the effectiveness of the hump due to the geometry changes. A
more detailed explanation of the sensitivity analysis can be found in section 4.8. Figure 4.1 shows how
the vertical tailplane is sized based on the original vertical tail design and how it is combined with the
geometry changes due to the sensitivity analyses to obtain the vertical tail geometry that is evaluated
by the rest of the method.

4.2. Vertical tail aerodynamics

The aerodynamic evaluation method consists of two parts as seen in Figure 4.2, the Quasi-3D aerody-
namic analysis (Q3D), discussed in subsection 4.2.1, and an aerodynamic database for LFC, discussed
in subsection 4.2.2. The aerodynamic database for LFC provides the shift in transition location due to
the LFC device (in this case the hump), which is used by Q3D to calculate the lift curve slope and drag
coefficient.

Vertical tail aerodynamics
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Figure 4.3: Vertical tailplane planform with
Figure 4.2: Vertical tail aerodynamics flowchart. airfoil sections as used by Q3D.

4.2.1. Quasi-3D

The overall objective of this research is to implement the hump in the vertical tail. Therefore a link
between the modifications of the hump to the transition location and the stability analysis is required.
This link is provided by the vertical tail lift curve slope (CLQ)V. This lift curve slope is calculated with
the Quasi-3D analysis (Q3D) developed by Mariens et al. [61]. For subsonic analyses, this method
uses XFoil' for the 2-dimensional viscous analysis of airfoils and Athena Vortex Lattice (AVL)? for the
3-dimensional inviscid analysis, which is a vortex lattice method (VLM). Some changes to the existing
Q3D program are made to ensure it can handle semi-span wings (vertical tailplanes) as well as adjust
the transition location in XFoil since this is required to model the effect of the hump. It will assess the
semi-span wing (vertical tailplanes) as an isolated, free-floating wing, without any walls present (no
fuselage interaction, etc.). Refer to subsection 5.3.4 for more information.

The Quasi-3D analysis consists of three main steps. Note that this is slightly different than the
representation used in Figure 4.2, which is a simplified visualization. First, AVL is used to calculate wing
lift distribution, wing lift coefficient, and wing induced drag coefficient. The Trefftz plane [62] analysis
is used for the induced drag. Second, the wing is divided into airfoil sections and XFoil is used to find
the profile (= form drag + skin friction drag) of the airfoils. Note that at subsonic speeds, no wave drag
is present and that XFoil uses normal-to-sweepline airfoil sections, as seen in Figure 4.3. For this, the

"Drela, M., Youngren, H.. (2000). XFOIL Subsonic Airfoil Development System. Retrieved February 4, 2024, from https:
//web.mit.edu/drela/Public/web/xfoil/
2Drela, M., Youngren, H.. (2004). AVL. Retrieved February 4, 2024, from https://web.mit.edu/drela/Public/web/avl/
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quarter-chord sweepline is used and the default value of 8 sections is used. By using the strip method
[63][64] in combination with simple sweep theory [65] the profile drag is obtained. Third, the total wing
drag is calculated by combining the inviscid drag from AVL and the inviscid/viscous drag components
from XFoll, after integrating the 2D viscous drag components of the airfoils over the wing.

The vertical tail lift curve slope (C )V is obtained through the C, values calculated by Q3D. By
running the same wing at 3 different angles of attack the lift curve slope in the linear regime can be
estimated. The vertical tail is evaluated at o« = -1, 0, and 1 degree since Q3D sometimes diverges at
larger angles of attack.

4.2.2. Laminar flow control aerodynamic database

The impact of the hump on the vertical tail aerodynamics is represented as a shift of the transition
location. This shift in transition location due to the hump will form the aerodynamic database for LFC.
In a more generalized approach, the volume (and dimensions) needed to implement all necessary
systems that comprise the LFC device could also be included. For instance, a space for the pumps is
required for a LFC system with suction. However, for the main test case in this research, no minimum
volume is required as the hump is mounted on the outer skin.
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Figure 4.4: Aerodynamic database for LFC construction flowchart.

The aerodynamic database is constructed as shown in Figure 4.4. The vertical tail geometry and
flight conditions are used as the initial input for an adapted version of Quasi-3D. It calculates the normal-
to-sweepline airfoil sections and their respective local flight conditions, which are then fed to XFoil
to calculate the pressure distributions over the normal-to-sweepline airfoil sections. These pressure
distributions are used to perform a boundary layer stability analysis. For this, numerical tools developed
by the Group of Flow Control and Stability within the Delft University of Technology are used (see
subsection 5.3.1). With this, the N-factors along the chord of the airfoil sections are calculated (for both
sides of the airfoil). This N-factor is the amplification factor in the e”-method by Van Ingen [66]. An
example of this N-factor along the airfoil chord calculated with the numerical tool is shown in Figure 4.5.
It is assumed that transition occurs at N .., = 9 for a clean configuration as is supported by literature
[66].

To obtain the shift in transition location due to the LFC device a AN is introduced. For the hump
AN ~ Il CONFIDENTIAL, for the forcing case with a distributed roughness patch and is estimated
from the (confidential) master thesis by Morais [67]. To model the shift in transition locations due to LFC
Nrrc = Neean+AN is used. Inthe case of the DelaH, itis assumed that Nyymp = Nejean+AN, Where
AN ~ Il CONFIDENTIAL, holds for every flight condition. Figure 4.5 shows that the increased N-
factor results in a shift in transition location. This calculation is repeated for every normal-to-sweepline
airfoil section for various Reynolds numbers, angles of attack, and sweep angles. All these results
together form the transition location database (i.e. the Aerodynamic database for LFC). The ranges of
Reynolds numbers, angles of attack, and sweep angles, for which the N-factors need to be calculated
are dependent on several things. The Reynolds numbers are dependent on flight conditions (cruise or
landing) and the chord length of the section since this varies when the surface area is scaled in the
sensitivity analysis. The angles of attack only need to be calculated for -1, 0, and 1, since only these
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small angles of attack are used to obtain the lift curve slope in the linear range. The sweep angles are
dependent on the sweep angles used in the sensitivity analysis (discussed in section 4.8).
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Figure 4.5: Example of obtaining the transition locations Figure 4.6: Example of separation occuring before
for clean and hump configurations. x/c vs. N-factor transition. x/c vs. N-factor (Fokker F-28 Mk1000,
(Fokker F-28 Mk1000, mid-span section (4 of 8), mid-span section (4 of 8), A1/4Cv = 40 deg , cruise,
A1/4Cv = 40 deg , cruise, a = 0 deg) a = 0deg)

Finally, Figure 4.6 shows a special case. The boundary layer stability analysis tool only accounts
for attached flow, and therefore it will only calculate N-factors up to the point of separation. Therefore
it sometimes happens that the N-factor curve does not reach the values of N¢jcq, and/or Npymp. In
that case, it is assumed that the transition location coincides with the point of separation. Based on
experimental evidence [68], it is known that a laminar separation bubble forms around z/c = 0.70
(oo = 0deg and Re = 2.12-10°), in the adverse pressure region of the M3J wing. This NLF wing will also
be used for the main test case in this research, as explained in section 4.6. Therefore it is assumed that
a laminar separation bubble also occurs for this N-factor curve, where the flow is laminar up to the very
end of the N-factor curve, and separation occurs at the end of this curve, which also directly results in
transition. Due to the transition, the boundary layer will reattach, after which turbulent separation will
happen further downstream or even at the trailing edge. Whether this assumption is valid will be tested
in subsection 5.3.5.

4.3. Stability analysis

As established before, a link needs to be found to connect the aerodynamics to the stability require-
ments of the vertical stabilizer. The commonly used volume coefficient method, as described in subsec-
tion 2.3.1, does not provide such a link and therefore a more advanced method to size the vertical tail
is used. The method used is the Fokker / Obert [14] that is based on a stability analysis as explained
in section 2.5. The link to the aerodynamics is provided through the vertical tail lift curve slope (CLN )v
This vertical tail lift curve slope can be used in the stability analysis to see if the vertical tail provides
sufficient stability. The (CLQ )V affects the stability analysis through the stability and control derivatives
with respect to sideslip and rudder deflection angle as seen in Equation 2.15. The change in the stability
and control derivatives will influence whether the critical design requirements (section 2.6) are met or
not and whether the vertical tailplane meets the specifications of CS-25 for Large Aeroplanes by EASA.
An overview of this procedure is shown in Figure 4.7.

The critical design requirements and their respective flight condition that will be checked are:
« Static stability - cruise
» One engine inoperative (OEI) - landing
» Crosswind landing:

— Crosswind landing for steady, straight sideslips (CWL,SSS) - landing
— Crosswind landing for full rudder sideslips (CWL,FRS) - landing

+ Stall - landing
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Figure 4.7: Stability analysis flowchart.

The exact implementation of the requirements for each critical design requirement is found in Ta-
ble 6.3. Note that stall is checked for both one engine inoperative and crosswind landing, hence the
landing condition. Also note that different from what was discussed in section 2.6, Dutch roll, spiral,
and spin are not evaluated. The former two are part of dynamic stability, which in general is not used
in evaluating conceptual vertical tailplane design. For spin, no clear EASA regulation could be found
in the specifications of CS-25 for Large Aeroplanes by EASA.

4.4. Full aircraft analysis modules
Three full aircraft analysis modules will be used, namely the weight analysis, mission analysis, and
drag analysis. Figure 4.8 shows how these modules are linked.

Original aircraft Vertical tail ) Original aircraft
MTOW — W, geometry bV L/D, MTOW, (Cp)y
Full aircraft analysis modules
Weight analysis Mission analysis Drag analysis

A 4 A\ 4

.| Torenbeek MTOW _| Br::r?u:t L/D Total drag ‘(CD)TO Tail-off drag |

" weight estimate " 9¢ 1% calculation | estimation |~

equation
Wy Wy Cp, (Cpy

v v v

Figure 4.8: Full aircraft analysis modules flowchart.

4.4.1. Weight analysis

For the weight analysis, the vertical tailplane weight is estimated with an empirical method by Torenbeek
[15]. For this method, the vertical tailplane weight is a function of the vertical tailplane geometry together
with the design dive speed V,, (in EAS), as seen in Equation 4.1. The function is visualized in Figure 4.9.
The design dive speed, V,,, is calculated with Equation 4.2 as a multiple of the design cruise speed,
V.., as prescribed by CS 25.335b Design airspeeds [25]. To account for the mounting location of the
horizontal tailplane a correction factor %, is introduced, where a distinction is made between fuselage-
and fin-mounted horizontal tailplanes as seen in Equation 4.3 and Equation 4.4. The final MTOW can
be calculated by simply adding the vertical tailplane weight calculated with the method above to the
MTOW — W, of the original aircraft.
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Figure 4.9: Vertical tailplane weight empirical relation [15].

4.4.2. Mission analysis

The mission analysis uses the Breguet range equation as seen in Equation 4.5. At the start of the
mission, the weight is set to the maximum take-off weight (MTOW) of the aircraft. Depending on the
required range the weight at the end of the mission can be calculated. It is assumed the range is equal
to the harmonic range, which is the highest range for maximum payload [17]. In essence, this W, is
the maximum zero fuel weight (MZFW), and therefore the fuel weight for the harmonic range can be
calculated with Equation 4.6.

|4 L Wstart
=————In|—— 4.5
k= rsrep™ ( Wend > 43)
Wend = Wstu’r't - qusl (46)

For the fuel weight, the vertical tail is not really of importance in terms of fuel storage since this
normally is not done in the vertical tail. This is because it is preferable to store the fuel as close to
the CG as possible, to prevent large shifts in CG location during flight. Therefore it is also assumed
that there is no CG shift during the mission due to fuel consumption. Nevertheless, the aerodynamic
properties of the vertical tail are of importance to the fuel weight. If the drag of the vertical tail is reduced,
the overall fuel consumption would also drop, which in turn reduces the fuel weight. The thrust specific
fuel consumption (TSFC) is dependent on the engine type. To estimate the fuel volume from the fuel
weight, Jet-A1 fuel at 15°C, which is equal to 0.804 kg/I, is assumed®. For the CO, emission, a fuel
conversion factor of 3.15 kg, /kg,.,_ ., is assumed [69].

SWikipedia. (2025). Jet fuel. Retrieved January 6, 2025, from https://en.wikipedia.org/wiki/Jet_fuel
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4.4.3. Drag analysis

For the drag analysis, two main drag components are used, namely the drag coefficient of the full aircraft
without vertical tailplane and the drag coefficient of the vertical tailplane, as seen in Equation 4.7. The
drag coefficient of the full aircraft without vertical tailplane is estimated by subtracting the drag coefficient
of the original vertical tailplane, (<CD)V)m’iginal’ from the drag coefficient of the full aircraft, which is
seen in Equation 4.8. The drag coefficient of the full aircraft is estimated by using the lift coefficient
based on the W,,,;4—cruise @and lift-to-drag ratio in cruise. The W,,;4— cruise in Equation 4.9 assumes the
harmonic range, which is the highest range for maximum payload, therefore halfway between MTOW
and MZFW. The drag coefficient of the original vertical tailplane, ((CD)V)OMginal' is calculated with

Q3D. The drag coefficient of the (newly designed) vertical tailplane, (C,,) , is calculated in the same
manner as ((C’D)V)mgml, but is different from the drag coefficient of the original vertical tailplane
when the vertical tailplane geometry changes. K, is a correction factor for the fuselage-vertical-
tailplane interference, as introduced in subsection 2.5.6. Why this factor is included is discussed in
s
subsection 5.3.4. The %V and % terms are to adjust for the effective-versus-free-stream dynamic
w

pressure ratio and the reference area, respectively. Note that the reference area of the vertical tail is
the full surface area (continuing in the fuselage as defined in Figure 2.3) and not the exposed vertical
tailplane area. This will also be discussed in more detail in subsection 5.3.4.

_ 4y Sy
CD - (CD)V.’off + (CD)V KFV?% (47)
Wmid—c’ruiseg q (S )OT'i inal
(CD)V,off = qSW% o ((CD)v)original KFV?V - Swg (48)
T -M
Wmidfcruise = MTOW — MTOW 9 ZEW (49)

Since the drag coefficient in this analysis is calculated in cruise configuration the sideslip angle is
assumed to be zero (i.e. the angle of attack of the vertical tailplane). Therefore the drag coefficient of
the vertical tailplane will be fully comprised of viscous drag (profile drag (2D) or parasite drag (3D)) as
the induced drag will be zero for the symmetric airfoil used for the vertical tailplane. As discussed in
subsection 3.2.2, an LFC device will reduce the skin friction drag, which is a viscous drag component
and therefore can be observed as a drag reduction even when no sideslip occurs.

4.5. Complete method overview

Figure 4.10 shows the complete method overview of implementing laminar flow control in a vertical tail.
This flowchart combines the smaller flowcharts on the vertical tailplane sizing Figure 4.1, the vertical
tailplane aerodynamics Figure 4.2, the stability analysis Figure 4.7, and the full aircraft analysis module
Figure 4.8 into one flowchart. For a detailed explanation, refer to the earlier sections in this chapter.
Only the main inputs and outputs have been added here for completeness.

The complete method overview proposed here is similar to other research on this topic by Risse
et al. [70] and [71]. They use MICADO, the aircraft design platform by the Institute of Aerospace
Systems (ILR). They propose a method for an initial wing design based on the full aircraft design and
with an extensive quasi-3D analysis obtain the wing polars, to subsequently implement these into the
full aircraft. This process is iterated and after convergence, a mission analysis is performed to obtain
the block fuel, cost, emissions, and noise. The main benefit of the approach proposed in this research is
the much simpler Q3D analysis, which will most likely result in much shorter computational times. This
is beneficial for quick conceptual design iterations. In addition, this research focuses on the vertical tail
instead of the wing, dealing with stability and control of the aircraft, rather than the lifting capabilities.
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Figure 4.10: Complete method overview flowchart.
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4.6. Main test case: Delft Laminar Hump

The main test case is the Delft Laminar Hump. In this section, first, the Delft Laminar Hump itself is
discussed. Second, previously performed wind tunnel tests of the hump are discussed, and finally, the
way the hump will be implemented on a vertical stabilizer.

4.6.1. Delft Laminar Hump

The Delft Laminar Hump (DeLaH)* is a novel way to delay transition. As mentioned in subsection 3.2.1,
the DelLaH is a symmetrical smooth hump that is placed at a set distance parallel to the leading edge
of the wing as shown in Figure 4.11° and Figure 4.12%. The hump has a hump height in the order of
I CONFIDENTIAL, which implies that the hump is fully submerged in the boundary layer. From
the wind tunnel experiments and numerical analyses, it was found that the effectiveness of the hump
in delaying transition is dependent on the hump height, width, chordwise location, and perturbation
amplitude, where the perturbation is the CFI. With the hump, the transition location could be moved
aft up to 14%. Do note that the hump has the prerequisite that the airfoil it is implemented on, is a NLF
airfoil. The hump can simply be glued on an existing aircraft wing, as shown in Figure 4.13° on a airfoil
section. This would make it a very simple and cost-effective solution compared to HLFC systems. The
wind tunnel experiments, however, were conducted only on a NLF swept wing and not yet implemented
on an aircraft. This brings various uncertainties on aircraft level. It is uncertain what the drag reduction
is on aircraft level as well as what the implications are on aircraft stability, especially when implemented
on a vertical stabilizer. Therefore the hump will be the main test case in this research.

Swept Wing DeLa;»

nyA

Figure 4.12: Local surface modification: the Delft
Laminar Hump (DeLaH)®.

— > Local surface modiﬂcation

Figure 4.11: Swept wing with local surface modification. Figure 4.13: Airfoil with Delft Laminar Hump in orange ©.

4.6.2. Previously performed wind tunnel tests

Based on unpublished confidential documents of the Aerodynamics Department of the Faculty of
Aerospace Engineering at the Delft University of Technology, wind tunnel tests were conducted with
this hump on a 45 deg-swept, untapered, NLF wing at Reynolds numbers between 2.1 — 2.7 - 10 for
angles of attack between 2 — 5 deg. Figure 4.14 shows a schematic drawing of the wind tunnel setup
and Figure 4.15 shows the hump on the swept wing model. The airfoil used for this swept wing is
the M3J airfoil, which is shown in Figure 4.16. This is a symmetrical airfoil and therefore ideal for use
in the vertical tail. Figure 4.17 shows the corresponding pressure distribution of the pressure side of
M3J airfoil, measured with pressure taps at the lower and upper side of the swept wing (also shown in
Figure 4.14).

Figure 4.18” shows an image of the swept wing model in the wind tunnel (note that the hump
is not actually present in this image). Two different types of forcing were used in the wind tunnel
campaign, namely a distributed roughness patch and discrete roughness elements (DREs), as shown

“4Delft University of Technology. (2023). ERC Proof of Concept grant for the Delft Laminar Hump. Retrieved January 27, 2024,
from https://www.tudelft.nl/en/2023/1r/erc-proof-of-concept-grant-for-the-delft-laminar-hump

5Image provided by Dr. A.F. Rius Vidales

6lmage by Van Wechem, S., from: Van de Weijer, B.. (2023). Soepeler door de lucht met een bult op de vliegtu-
igvleugel; Delfts team is er zelf door verrast. Retrieved January 29, 2024, from https://www.volkskrant.nl/wetenschap/
soepeler-door-de-lucht-met-een-bult-op-de-vliegtuigvleugel-delfts-team-is-er-zelf-door-verrast~bc56£436/
?referrer=https://www.google.com/

7Adapted image provided by Dr. A.F. Rius Vidales
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Figure 4.17: M3J pressure distribution of
pressure side from wind tunnel
measurements (with DREs and no hump),

Figure 4.15: CONFIDENTIAL Hump on swept wing model with DREs [67]. a = 3deg and Re = 2.29 - 10°.

in Figure 4.19 and Figure 4.20, respectively. The parameterization of the DREs is shown on the left
side of Figure 4.14. The dimensions of the DREs used in the wind tunnel experiments are shown in
Table 4.1. In what follows, when referring to DREs, these dimensions are meant. These DREs force
a specific wavelength, whilst the distributed roughness patch forces a range of wavelengths. The AN
due to the hump (discussed in subsection 4.2.2) is based on wind tunnel data that uses the distributed
roughness patch because this is close(r) to real-world conditions.

Table 4.1: CONFIDENTIAL DRE dimensions based on parameterization Figure 4.14, where kp is the element height [67].

)\z,D dp kp J/’D/C:c

Discrete roughness elements Wind tunnel top
or
Distributed roughness patch

Upper pressure taps
Figure 4.19: Distributed roughness
patch on leading edge of swept wing
Hump model [67].

Lower pressure taps

Wind tunnel bottom . )
) Figure 4.20: Discrete roughness
elements (DREs) on leading edge of
Figure 4.18: Swept wing model in wind tunnel, adapted image’. swept wing model [67].

To see the effect of the hump on the pressure distribution, the simulated pressure distribution over
the hump is shown against the experimental wind tunnel data in Figure 4.21. The numerical simulations
are obtained with the Harmonic Navier Stokes Solver [73]. The effect on the pressure distribution is
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more clearly seen in the zoomed Figure 4.22, where the hump creates a small pressure drop, after
which the pressure restores to a similar pressure as the clean configuration. Note that the effect of the
hump geometry on the pressure distribution will be discussed in more detail in subsection 5.1.2.

Figure 4.22: CONFIDENTIAL Zoomed M3J pressure
distribution of pressure side from wind tunnel
measurements (with DREs, no hump) and numerical
simulations (clean and hump, both no roughness forcing),

Figure 4.21: CONFIDENTIAL M3J pressure distribution of
pressure side from wind tunnel measurements (with DREs,
no hump) and numerical simulations (clean and hump, both

no roughness forcing), a = 3 deg and Re = 2.29 - 106, o = 3 deg and Re = 2.29 - 106.

4.6.3. Implementation Delft Laminar Hump on vertical stabilizer

Based on the relatively small effect of the hump geometry on the pressure distribution in Figure 4.21 and
the fact that the hump height is in the order of IIllll CONFIDENTIAL, the geometry and thus the change
in pressure drag are most likely negligible. This assumption will be verified in subsection 5.1.2. In case
the hump geometry can be neglected, then the hump can be considered as a change in transition
location, only dependent on Reynolds number, angle of attack, and sweep angle. The simulation of
the hump on the vertical stabilizer can then be performed as described in subsection 4.2.2. The hump
will be implemented on both sides of the vertical stabilizer since the vertical stabilizer is symmetric and
must perform the same in both positive and negative sideslip conditions. It should be noted that the
wind tunnel tests were only performed with the hump on the pressure side of the airfoil. Additional
tests with the hump on the suction side would be useful to see whether the hump even works on the
suction side or even has detrimental effects in terms of lift (side force) and drag. Also note that at large
sideslip angles, the flow might already be transitioned before the hump, making the hump redundant.
Therefore the main benefit of the hump would be in cruise conditions (no sideslip).

To be able to interpret the impact of the hump on a vertical tail, a reference case is required. There-
fore this main test case will make use of the vertical tail of an existing aircraft and the hump is added to
that vertical tail. This then can be compared to the same vertical tail without the hump installed. For a
fair comparison, it is very important not to change the vertical tail geometry (baseline configuration) to
isolate just the effect of the added hump in terms of weight and drag. It is a prerequisite for the hump
to be used on a NLF airfoil, therefore it is also important to isolate the effect of the hump on the vertical
tail design and performance from the effect of the NLF airfoil. This is done by running a case with the
original airfoil of the aircraft and comparing it to the case with the NFL airfoil (M3J) to see the influence
of the NLF airfoil on the vertical tail design. Subsequently, the case with the NLF airfoil (M3J) with the
hump is run to see the effect of the hump.

4.7. Baseline configuration

There are many different aircraft that could be chosen to evaluate the DelLaH, but it was decided to use
an Airbus A320 as well as the Fokker F-28 Mk1000. In the case of the A320, the exact type is often
not specified in data. Since a lot of data is rather old, the earliest version of the A320 is used when
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multiple variant data is available: A320-200. The aircraft are shown in Figure 4.238 and Figure 4.24°.

Planform

PENESEE Quarter-chord sweepline
@ Airbus A320

B Fokker F-28 Mk1000

x [m]

Figure 4.24: Fokker F-28 Mk1000°. Figure 4.25: Vertical tailplane planform comparison

There are multiple reasons why these aircraft are chosen. The A320-type is one of the most com-
mon aircraft and has a very conventional layout with a fuselage-mounted stabilizer and wing-mounted
engines. The Fokker F-28 Mk1000 is interesting since it has a T-tail and fuselage-mounted engines,
this makes for a nice comparison to see what the influence of tail/lengine layout has on the vertical tail
design with a hump. In addition, for both these aircraft LFC investigations have been performed in the
past. The Fokker F100 (evaluation of F-28) with a NLF glove and the Airbus A320 with a HLFC suction
device in the vertical stabilizer, as discussed in section 3.3. Finally, for these aircraft, their geometry
data and their stability analysis by the Fokker / Obert method are available, which is convenient for
validation purposes.

The vertical tailplane planforms are shown in Figure 4.25 for comparison. It shows that the vertical
tail of the Airbus A320 is significantly larger and is more tapered, whilst the Fokker F-28 Mk1000 has
more sweep and little taper. The geometries and all other specifications required for the calculations of
both aircraft are specified in detail in Table H.1, and Table H.2 for the Airbus A320 and Table H.3, and
Table H.4 for the Fokker F-28 Mk1000. Note that section H.1 contains a short explanation of how the
vertical tailplane rolling moment arm is estimated.

The flight conditions are specified in Table H.5, and Table H.6, for the Airbus A320 and Fokker F-28
Mk1000, respectively. They contain both a cruise and landing condition. These are required for the
stability analysis and critical design requirements, discussed in section 4.3. The overall effect of the
hump in terms of weight and drag will be evaluated in cruise. Mainly because skin friction is a large part
of the aircraft drag in cruise as discussed in chapter 3. During landing and take-off, high lift conditions
apply, which increase the lift-induced drag significantly. This means that the skin friction drag would
become much less significant relative to the lift-induced drag. Moreover, at high-lift conditions, the
flow at the vertical tail is most likely turbulent, which also makes the hump ineffective since it requires
laminar flow to be effective. Weather circumstances during cruise that may result in turbulent flow at
the vertical tail are not taken into account.

4.8. Sensitivity analysis

To see the effect of the vertical tail geometry on the effectiveness of the DelLaH, a sensitivity analysis is
performed. There will be two main variations during the sensitivity analysis, namely the sweep variation
and surface area variation. Both will be discussed in the next sections, including the calculation of the
affected variables due to changing the main sensitivity variable.

8lmage by Aragéo, P.. (2013). Reg: F-WWIQ photos. Aircraft: Airbus A320-216. Airline: Airbus Industri. Serial #: 5098.
Retrieved January 22, 2025, from https://www. jetphotos.com/photo/7617615/

9Image by Wallner, R.. (1989). Fokker F-28-1000 Fellowship - Piedmont Airlines. Retrieved January 22, 2025, from https:
//www.airliners.net/photo/Piedmont-Airlines/Fokker-F-28-1000-Fellowship/451713/L
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The reason to vary the sweep and surface area is to exclude as many other variables as possible, to
see the isolated effect of the main variable of interest. The sweep angle can be isolated by keeping the
span, aspect ratio, and taper ratio constant. The sweep angle is relevant for the change in local Mach
numbers. The more sweep, the lower the local Mach number, reducing the onset of shock waves, and
increasing the critical Mach number. Another argument to analyze sweep is that at higher sweep angles
the better the vertical tail can handle high sideslip angles (improved sideslip characteristics) according
to Obert [17]. The surface area is of interest since the most important factor in the side force generated
by the vertical tail is the span, whilst the planform is less important also according to Obert [17]. Now if
only the span was varied, the sweep angle and aspect ratio would also change, making it unclear what
the driving factor is. As the sweep angle is already varied in the other sensitivity analysis, it would be
desirable to keep it constant for this sensitivity analysis. With the sweep angle kept constant there are
two options to vary the span. Either through changing the aspect ratio, however, the taper ratio would
also change, or through scaling the whole planform. The latter is chosen since this keeps the sweep
angle, aspect ratio, and taper ratio constant, isolating the effect of the surface area scaling. An added
benefit is that the existing vertical tail does not have to be redesigned, but can simply be enlarged or
reduced in size, depending on the requirements.

4.8.1. Sweep variation

For the sweep variation, the quarter-chord sweep angle is varied between 30 and 60 degrees in 5-
degree increments. This range was chosen based on the most common design ranges for vertical
tailplanes, as shown in Table 2.1. Figure 4.26 visualizes the effect a sweep angle variation has on the
vertical tailplane geometry and associated variables. The calculation of the affected variables as well
as the assumptions are listed in Table 4.2. One of the assumptions is that the slight downward shift of
the whole vertical tailplane relative to the fuselage is not taken into account. This slight shift is the result
of the fuselage centerline at the tail cone not being horizontal, but slightly upwards, and the definition
of the location of the root chord, where the semi-root chord intersects the fuselage centerline. Another
important assumption is that the CG shift due to the new tail is not taken into account.
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Figure 4.26: Sweep angle variation.

4.8.2. Surface area variation

For the surface area variation, the surface area will be scaled by a surface area scaling factor between
0.5 and 1.2 in 0.1-sized increments. This range is selected to see both the effect of a reduced as well
as an enlarged tail. Since an enlarged tail is not desirable due to the associated drag increase, this is
only tested up to a 20% increase. For the reduced tail a size reduction of up to 50% is used. Smaller
vertical tailplane sizes would seem unlikely, but can always be calculated in future research if deemed
useful. Figure 4.27 visualizes the effect a surface area variation has on the vertical tailplane geometry
and associated variables. The calculation of the affected variables as well as the assumptions are
listed in Table 4.3, and Table 4.4.
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Regarding the mounting location of the horizontal stabilizer, special attention is required when it
comes to a surface area variation. For both T-tails and conventional tails the horizontal stabilizer will
be mounted at the same longitudinal location relative to the vertical tailplane ( ). However, regarding

V
the spanwise mounting location, H , there is a difference. For conventional tails, the mounting location
of the horizontal tailplane stays at the same location on the fuselage (often = 72 = 0). T-tails are handled
A

differently as seen in Figure 4.28. As the horizontal tailplane geometry is not changed, the spanwise
space required to mount it to the vertical tailplane must stay the same. Therefore bvtop must stay

constant. This has an effect on both as well as the S
V

Another point of attention is the rudder surface area as it is chosen to keep £ constant. This

was chosen to keep the sensitivity analysis simple as rescaling the rudder to keep the same effective
control becomes too complex. Not only the rudder chord reduces due to keeplng constant with a
V

vertical tail surface area reduction, also the rudder span reduces due to the reduction in b,,. To then
compensate for the loss in rudder surface area, the rudder control effectiveness should be increased,
which is also dependent on . However, for normal rudders the maX|mum 2 lies around 0.35 to 0.40

(see Table 2.1), which is partly bound by structural limitations. Therefore it was chosen not to vary the
7R
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Figure 4.28: Surface area variation T-tail



Table 4.2: Affected variables due to sweep variation

Affected variable

Calculation of new value

Assumptions

Cy (€ ) new = (€0) origina Kept constant
S, (Sv ) new = (Sv)mgmal Kept constant.
b, by ) pew = (bv)m.gmal Kept constant.
A, (A\{)new = (AV)originfll. . . Kept constant.
A1/4CV Main variable of sensitivity analysis. -
Ay A ) new = ( )O”gml Kept constant.
Svrcf (S Ve ) Slight change due to fuselage being ta-
new original pered not taken into account.
ls., <l V) ( V) o CG shift due to new tail not taken into
new original account.
(e, ), . . .
lz, (lLV ) (lwv ) = (lwv> o news | (lwv) o CG shift due to new tail not taken into
ref Te new ref / original original | tan ( (A1/4CV ) Mmm(ﬂ) original account.
L, (lzv) ( v) o Slight downward shift due to fuselage
e original being tapered not taken into account.
CG shift due to new tail not taken into
account.
Sar Sar S . .
S—”"/f (ﬁ)mw = (S—i’)mgiml Assume dorsal fin scales accordingly.
by (b—v) = <b—V) Kept constant
dy dy new dy original P '
% (%) = (Z—H) z Kept constant.
new ongzna
‘n (%) = (C ) Slight downward shift due to fuselage
v v mew v/ original being tapered not taken into account.
e (2 ) = (C ) Kept constant.
\4 V / new vV / original
SVR (SVR)new Vi) rigimat Kept constant.
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Table 4.3: Affected variables due to surface area variation part 1/2

Affected variable

Calculation of new value

Assumptions

2(Sv ) ey,

o) =
( TV new \/(AV)o'r'iginal(SV)new(1+(>\V)or bgLrLD.l)

Assuming straight-tapered plan-

1%
C — 2 (1+()\V)o7‘iginal+ AV)omgznal .
(Cy )new = 3 (CTV)new G form, see Equation 2.5.
S, Main variable of sensitivity analysis. -
b, (b)) pew = \/(Av)original (Sy) new Kept constant.
A, (Av)pew = (AV)original Kept constant.
A1/4CV Al/“‘/)new = (A1/4cv)original Kept constant.
Ay (A ) new (AV)(O” ?nal Kept constant.
b
(dv)om inal — bV orgmnel
S ’ (a7 griginal Slight ch to fuselage bei
V.o e — (e, _1(d tan(A. )+ L (d C tan(A ight change to fuselage being
! ( Vies )new V/new 2 (v )originat 1A re) + 5 (A Joriginar tam(Ars) tapered not taken into account.
_ 1 1
(SV7'€f)71,ew — (SV new 2 ((crv>new + <CTVTEf )new) 2 ( V)original
la, (lgcv = lwv) o CG shift due to new tail not taken
new original into account.
<<Z$me ) o li(lwv )original>
(ZZV f) L g1 l: (ZZV) Lgt l+ <E”g”m ) )
re origina origina tan A1/4CV original
la,, . | (o)) sina) f B CG shift due to new tail not taken
! L2 2 (v )original 1 + 3 (A )originat into account
VN’f new 7“3/ original g ((bv)o,,.iyi,,ml §( )U,,,,ngi,,ml) g unt.
(ZTVW )new (( Vief )neu) (lzv)new) fan <(A1/4cv)original + (lmv)original
1+
Lz, (lzv>new %M (by ) new T (%Dfusmw -3 (dv)m-iginal) + (Dfus,m Slight downward shift due to

(0

omgmaz

fuselage being tapered not taken
into account.
CG shift due to new tail not taken
into account.
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Table 4.4: Affected variables due to surface area variation part 2/2

Affected variable

Calculation of new value

Assumptions

% (%) - (%) Assume dorsal fin scales ac-
v VvV / new Vv / original COrdineg
by (be) = (k) () ;
dy, dy J new dy original (bV)om:gmn,l
T-tail:
() - () ()i (G (0 i)
Zi by new . . (bv new T-tail:
v Conventional tail: \ Assume horizontal tailplane
(LH) _ (LH) v )originat stays mounted at same span-
by ) e by, riginal (b ) H H i
new origina Vnew wise distance from tip.
Conventional tail:
Assume horizontal tailplane
stays mounted at same fuse-
lage mounting location.
id:a (LH) = (LH) Kept constant.
C C C L.
\4 new Vv / original
;3 (L = (= Kept constant.
C C C L.
\4 V / new Vv / original
_ 1 1
(CTV f) o Ty . § d )orzgznal ta’n(ALE) + 2 (dv)original ta’n(ATE)
Te] original original
S ) = (S . 1 + (c ) Lyq = (S )
( Vtop original ( V)orzgznal 2 original rvr-ef original 2 ( V)orzgznal VR original
T-tail
b _ —B+VB2_4AC
Viop - 2A
original
_ 1 1 _ _
where A = §tan ((ALE)original) - §ta’n ((ATE)original)’ B = (ctv) . ’ C=- (Svtop) L
original original
S, Conventional tail: Keeping <bvw ) -
R P/ original

b, ) —0
(Vt"p original

Ctv) = (/\v)original * <C7'v)7 .

1
V)new 2

CQ N =

(). .

(e = (o)t
(

(

Sv :(

=5l ), (o), ) (0

ew
(b Vio >o7’iginal tan ((ALE)original> - (bva ) original tan ((ATE )original)

top ) original
1

crv new + CTVre,f new 2 (dv)original - (SVtop>new

constant to ensure enough
mounting room for the hori-
zontal stabilizer, as seen in
Figure 4.28.
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Verification and validation of method

In this chapter the various components of the method, as proposed in chapter 4, and intermediate
results are verified and validated. This chapter can be divided into two main parts: vertical tail aero-
dynamics and stability analysis. For the vertical tail aerodynamics, first, the wind tunnel experiment
pressure distributions are replicated with XFoil, to ensure XFoil is capable to simulate the M3J wing
and hump in section 5.1. Second, in section 5.2, Q3D for vertical tailplanes will be verified, by analyzing
vertical tailplane lift curve slopes for various aircraft. Third, the transition location simulations are dis-
cussed in section 5.3. This includes the calculations and simulations to obtain the transition locations,
as well as discussing the transition location results. Also, the effect of tip vortices, boundary conditions,
and separation on these results are discussed. For the stability analysis, the implementation of the
Fokker / Obert method is validated by comparing the various calculated stability coefficients to wind
tunnel- and calculated data from Fokker / Obert in section 5.4.

5.1. Validation of Xfoil with experimental data

As explained in section 4.2, it is proposed to use Q3D for the aerodynamic analyses. To be able to
model the DelLaH it is required to use a NLF airfoil. During the wind tunnel experiments with the hump,
the M3J airfoil was used, as mentioned in section 4.6. Therefore it is crucial that Q3D is able to replicate
the flow around the M3J airfoil. More precisely, XFoil (the 2D viscous analysis of Q3D) must be capable
of replicating the pressure distribution of the M3J airfoil as found during wind tunnel experiments.

5.1.1. M3J pressure distribution

Figure 5.1 shows a schematic of the M3J wing in the wind tunnel, with upper and lower pressure
taps (without DeLaH). The corresponding measurements taken during the experiments are shown in
Figure 5.4. Note that the measurements were only taken on the pressure side of the wing, hence only
the lower part of the experimental pressure distribution is shown. Moreover, at the trailing edge, no
pressure taps were present, and therefore no pressure data near x/cstreamuwise = 1. Now to replicate
this pressure distribution in XFoil, the sweep angle must be accounted for. As XFoil is a 2D analysis, it
will only see the normal-to-sweepline flow, shown in orange in Figure 5.1. This affects the flow velocity
as well as the angle of attack and the airfoil shape XFoil sees. The freestream velocity U, (streamwise)
must be split into a spanwise- and a normal-to-sweepline velocity component. The latter is used for
XFoil. The angle of attack can be calculated with Equation 5.1, where A.,. = 45 deg for the M3J wing
used in the experiments.

Sin(astreamwise)
2\ Tstreamwise) A
cos(A1)yc) ) 1)

— i1
Anormal—to—sweepline — ST (

The effective airfoil shape also changes due to sweep. Figure 5.2 shows the M3J airfoil shape
both streamwise and normal-to-sweepline, visualized with the same colors as in Figure 5.1; blue and
orange. It can be seen that the chord lengths differ greatly. When normalized by their respective chords
in Figure 5.3, it becomes clear that the normal-to-sweepline airfoil has a higher thickness-to-chord ratio.
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Figure 5.2: M3J airfoil shape, streamwise
b and normal-to-sweepline.

Streamwise airfoil
Normal-to-sweepline airfoil
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Windtunnelbottoml 0 02 04 06 08 1
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Figure 5.1: M3J wing in wind tunnel, with b = 1.25 m, adapted figure [72] [67].
Figure 5.3: M3J airfoil shape, streamwise
and normal-to-sweepline, normalized.

Taking all of the above into account, the pressure distribution is simulated with XFoil by setting the
transition location (z;./c) to 0.565 on the pressure side and to free transition on the suction side with
the N-factor to its default value of 9. The transition location is based on the value found during the
wind tunnel experiments for M3J wing at o = 3 deg and Re = 2.29 - 105. After correcting the XFoil
pressure distribution for the spanwise velocity component (converting it to the streamwise direction),
the purple graph in Figure 5.4 is obtained. It matches the wind tunnel experiments very well. From
this, it can be concluded that XFoil can replicate the pressure distribution of the M3J airfoil, as found
during wind tunnel experiments, sufficiently well, and therefore XFoil (as part of Q3D) can be used as
the aerodynamic analysis tool in this research.

0.4 —=@— Wind tunnel experiment: upper pressure taps
Wind tunnel experiment: lower pressure taps
I

XFoil: clean
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x/c

streamwise H

Figure 5.4: M3J pressure distribution from wind tunnel measurements (pressure side only, with DREs) compared to XFoil
(pressure side (x4 /c) = 0.565, suction side free transition at N = 9), = 3 deg and Re = 2.29 - 105.

It is important to note that, based on Drela and Youngren', modifying the N-factor in XFoil modifies
the transition location. Nevertheless, since the assumptions behind the stability calculations computed
in the background by XFoil are unclear, in what follows the N-factor from XFoil will be ignored, only
modifying . /c to set the transition location based on the experimental observations/solution from the
boundary layer solver and stability analysis. As XFoil will always use the most upstream transition

"Drela, M., Youngren, H.. (2001). XFOIL 6.9 User Primer. Retrieved February 14, 2025, from https://web.mit.edu/drela/
Public/web/xfoil/xfoil_doc.txt
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location, regardless of the transition method (through N-factor or directly setting z;,./c), the N-factor in
XFoil must be set sufficiently high not to interfere with the directly set z;,./c. A more detailed analysis
of the transition settings in XFoil is found in Appendix E.

5.1.2. Delft Laminar Hump

Next to the M3J wing, the effect of the DelLaH will also be simulated with XFoil in this research. As
explained in subsection 4.2.2, the aerodynamic effect of the hump is represented by a shift in transition
location, neglecting the hump geometry. In XFoil this is established by setting the x4, /c to the exper-
imental transition location of the hump (z,/c),,,,,- From the wind tunnel tests (z:,/c),,,,, = NN
CONFIDENTIAL on the pressure side for M3J wing at a = 3 deg and Re = 2.29 - 10°, without rough-
ness forcing. The suction side is set to free transition with the N-factor to its default value of 9 in XFoil.
Figure 5.5 shows the associated pressure distribution for the hump in light blue, as well as the clean
configuration in purple ((z/c) = 0.565), obtained in the previous section.

clean

Figure 5.5: CONFIDENTIAL M3J clean and hump Figure 5.6: CONFIDENTIAL Zoomed M3J clean and hump
pressure distribution, comparison XFoil (pressure side pressure distribution, comparison XFoil (pressure side
(@tr/€) ctean = 0-565 and (zer/€) by = . suction (@tr/€) cteqn = 0-565 and (zer/€) by = . suction
side free transition at N = 9) and numerical simulation (no side free transition at N = 9) and numerical simulation (no
roughness forcing), a = 3 deg and Re = 2.29 - 10%. Note roughness forcing), & = 3 deg and Re = 2.29 - 10%. Note
hump only present on pressure side. hump only present on pressure side.

The pressure distributions for the clean and hump configurations in Figure 5.5 are very similar and
largely overlap, except on the suction side around 0.52 /¢, and the pressure side around 0.65 z/c.
On the suction side, this is the result of the free transition calculated by XFoil at N = 9 even though
there is no hump present on the suction side. On the pressure side, a laminar separation bubble
occurs, because of the strong adverse pressure gradient, the (laminar) flow separates, transitions, and
reattaches. Thus the difference in pressure distribution between XFoil clean and hump around 0.65 z /¢
is only due to a laminar separation bubble as the geometry of the hump is neglected. This also implies
that the (z,/c);,,,,,, = I CONFIDENTIAL is not the maximum potential transition location due to
the hump, but the results of the laminar separation bubble due to the strong adverse pressure gradient
of the M3J airfoil. A visualization of this laminar separation bubble is shown in Figure 5.7, which occurs
when no roughness forcing is used. Here at the strong convex area around 0.65 = /c laminar separation
occurs, directly transitioning and reattaching, forming the laminar separation bubble. This is also what
happens in Figure 5.5 at pressure side around 0.65 x:/c, where the XFoil clean and hump pressure
distributions differ. During the wind tunnel tests roughness forcing was used in the form of discrete
roughness elements as well as a distributed roughness patch, as discussed in subsection 4.6.2. The
effect of this is shown in Figure 5.8, where the boundary layer transitions further upstream due to the
roughness forcing, subsequently turbulent transition occurring before the strong convex area (before
the strong adverse pressure region). In this case, there is much more room for the hump to delay
transition, before reaching the strong convex area, where a laminar separation bubble would occur.
This is why Figure 5.8 is representative of the wind tunnel test, to see the maximum effect of the hump
in terms of transition delay. In this research, the laminar boundary layer is maximized for the least
overall drag, therefore Figure 5.7 is representative.
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Discrete roughness elements Turbulent
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Figure 5.7: M3J airfoil with laminar separation bubble Figure 5.8: M3J airfoil with turbulent separation
schematic. schematic.

Effect of hump geometry

In this research, the hump is only modeled as a transition shift, however, in reality, the hump is a
physical change to the geometry of a wing. Whether this change in geometry can be neglected must
be verified. A numerical simulation using the Harmonic Navier Stokes Solver [73] is shown in Figure 5.5,
which shows the pressure distribution around the location of the hump. Figure 5.6 gives a zoomed view
around this location for the clean and hump configuration, green and orange respectively. Comparing
these, it becomes clear that the hump geometry creates a region of pressure gradient change-over
(adverse-favorable-adverse-favorable pressure gradient). However, the pressure distribution upstream
and downstream of this change-over stays unchanged compared to the clean numerical simulation. The
effect of the hump geometry on the pressure drag is calculated following Anderson [29]. Since only the
numerical data around the area of the hump on the pressure side is available, the change in pressure
drag is calculated between the clean and hump configuration. In Table 5.1, this value is compared to
the change in pressure and friction drag due to the transition shift (due to the hump), which is calculated

with XFoil. For the comparison, a reference value is defined, namely (C),), .., the total drag coefficient,

which does not include the (CDP) , as this is the value without hump.

NumSim

(Co)sotar = (CDP)XFm:z + (ODf)XFm'l (5:2)

From Table 5.1, it can be concluded that the effect of the hump geometry on the drag is relatively
small. Therefore, it can be argued not to take the hump geometry into account when modeling the
hump. Note however, since the hump has only been tested at subsonic Mach numbers, itis yet unknown
whether at cruise Mach numbers the pressure gradient change-over along the hump will cause a shock
wave. To establish whether the hump causes a shock, dedicated wind tunnel experiments, flight tests,
and/or CFD simulations are necessary.

Table 5.1: Comparison effect of hump on drag through transition location shift and geometry. Based on Figure 5.5, using M3J
airfoil, XFoil (pressure side (¢, /c) = 0.565 and (x4 /c) = Il CONFIDENTIAL, suction side free transition at

clean hump
N = 9) and numerical simulation (no roughness forcing), o = 3 deg and Re = 2.29 - 10%. Note hump only present on pressure
side.
XFoil Numerical simulation
€5,) s rou | (o) (¢,)
( Pr ) X Foil Ps) xFoil Pr ) NumSim
C reduction
(Cb)sotar 1.63% 6.39% -0.38%
due to hump

5.2. Verification of Q3D vertical tailplane lift curve slope

Q3D will be used to calculate the vertical tailplane lift curve slope in the method proposed in section 4.2.
Therefore it should be verified whether the Q3D calculated values are representative of the actual lift
curve slopes.
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5.2.1. Verification of isolated Q3D vertical tailplane lift curve slope calculation
To obtain the vertical tailplane lift curve slope with Q3D, the lift coefficient is calculated based on the
planform geometry and airfoil shape at varying angles of attack (-1, 0, and 1). By using the calculated lift
coefficients at the varying angles of attack the lift curve slope in the linear regime can estimated. Note
that Q3D assesses the vertical tailplane as an isolated, free-floating wing, without any walls present
(no fuselage or horizontal stabilizer interference, etc.), because the vertical tailplane lift curve slope
required for the Fokker / Obert stability analysis (section 2.5) is based on the isolated free-floating
vertical tailplane as well.

To verify the Q3D calculation, the calculated values of various existing aircraft are compared with
data from the Fokker / Obert report [14], which gives values for the isolated vertical tailplane lift curve
slopes. It is assumed that the Fokker / Obert data is closest to the real vertical tailplane lift curve slopes
since this contains a lot of data from the actual manufacturers. Moreover, the Fokker aircraft values
can be assumed to be very accurate since it is a Fokker report. Nevertheless, the USAF DATCOM
method [2] is also used to calculate the lift curve slopes, for extra verification. This will also serve as
an extra check whether the Fokker / Obert data has any biases for Fokker aircraft compared to other
aircraft.

The planform geometries are based on Fokker / Obert data [14] and for each aircraft, the same
planform is used in each lift curve slope analysis method. This is not the case for the airfoil data,
since this data is not available. Since for most aircraft, the thickness-to-chord ratio is available, this is
converted to the closest simple symmetric NACA 4-digit series airfoil. Moreover, for the USAF DATCOM
method also not all of these NACA 4-digit series airfoils are available, therefore the closest equivalent
is used. An overview of all the airfoils is given in Table F.1.

Table 5.2: CONFIDENTIAL Vertical tailplane lift curve slope verification. Values in cruise conditions for each aircraft. Fokker /
Obert data from [14]. Note: ¢, ; states error a relative to b.

(CLa), (CLy),
(Cr.), | USAF | Fokker/ | _ . o
Aircraft type Q3D DATCOM | Obert @JQ]W df[:;/-r-ﬁﬂk QJ[{,; v]d'"'f«
[deg™1] (dat) (fok) [14] [% ° °
[deg™] [deg—1]
Airbus A300 0.0401 0.0407 | ] || || -1.45
Airbus A320 0.0444 0.0461 | ] || | ] -3.69
Airbus A340-300 0.0388 0.0393 | ] | | | ] -1.21
Boeing 737-100 0.0457 0.0473 | ] || || -3.26
Boeing XB-47 (tailplane model) 0.0420 0.0427 | ] || | ] -1.63
Douglas DC9-30 0.0306 0.0298 | ] || || 2.86
F-29 model 1-1 0.0325 0.0328 | ] || || -0.73
F-29 model 2-5 0.0421 0.0451 | ] || | ] -6.52
F-29 model 5-3 0.0348 0.0354 [ ] [ ] [ | -1.71
Fokker F-28 Mk1000 model 8-3 0.0305 0.0301 | ] || || 1.52
Fokker F-28 QC 40 deg model 8-4 0.0280 0.0277 | ] || | ] 1.16
Fokker F-28 Tailplane model 9 0.0302 0.0301 | ] || | ] 0.36
Fokker F-28 Wing off model 4 0.0267 0.0262 | ] || || 1.73
SKV-LST-1 (model of subtype F-28) 0.0305 0.0301 | ] || || 1.47
SKV-LST-2 (model of subtype F-28) 0.0264 0.0258 | ] || | | 2.12
SKV-LST-3 (1) (model of subtype F-28) | 0.0274 0.0270 | ] || || 1.57
VFW-614 0.0362 0.0371 | ] || || -2.50
mean = stdev 5.47 £ 447 | 6.20 - 6.16 | -0.58 - 2.44

Table 5.2 shows the obtained vertical tailplane lift curve slopes for Q3D, USAF DATCOM (dat), and
Fokker / Obert (fok). Note that all results are calculated at cruise conditions and for Q3D, N-factor is set
to its default value of 9. The relative errors between each of these methods are also shown. From these
results, several conclusions can be drawn. The Q3D analysis is, on average, the closest to the Fokker
/ Obert data, when comparing ¢, ;... and ¢, ... It stands out that the Q3D analysis performs better
for Fokker aircraft compared to aircraft by other manufacturers when checking the error percentages for
the individual aircraftin ¢, ., . However, this is also the case for the USAF DATCOM values, ¢, ...,
which have errors of similar magnitude. As the errors for both Fokker and non-Fokker aircraft between
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Q3D and USAF DATCOM are relatively low (e, ,..), it can be argued that the lift curve slopes for
non-Fokker aircraft might be underestimated by Fokker / Obert. It is still uncertain whether this is the
case as the airfoil shapes used by Q3D and USAF DATCOM are based on thickness-to-chord ratios.
It could be that the Fokker / Obert data is based on other airfoil shapes, as this data is not available.

Overall from this analysis, it can be concluded that Q3D can calculate the vertical lift curve slope of
existing aircraft reasonably well. Hence Q3D is used to calculate new vertical tailplane designs during
the sensitivity analysis (section 6.2) and it can be assumed with some confidence that these values are
also representative. In addition, the airfoil shape does not matter as much, as the sensitivity analysis
will use the same airfoil throughout and will look at the relative effect of a change in planform geometry.

5.2.2. Comparison vertical tailplane lift curve slope calculation performance and
aircraft characteristics

To make the data from Table 5.2 more informative, the data is plotted against various aircraft character-

istics. Figure 5.9, Figure 5.10, Figure 5.11, and Figure 5.12 show the percentage errors for the various

aircraft, distinguishing between conventional- and T-tail, and comparing for quarter-chord sweep an-

gle, taper ratio and aspect ratio. Other characteristics, such as cruise Mach number, cruise altitude,

thickness-to-chord ratio, span, and surface area, were also tested but yielded no clear trends.
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Figure 5.10: Vertical tailplane lift curve slope verification:
Conventional vs. T-tail quarter-chord sweep angle. Values
in cruise conditions for each aircraft. Note: ¢, ; states error

a relative to b.

Figure 5.9: Vertical tailplane lift curve slope verification:
Conventional vs. T-tail. Values in cruise conditions for each
aircraft. Note: ¢, ; states error a relative to b.
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Figure 5.11: Vertical tailplane lift curve slope verification:
Conventional vs. T-tail taper ratio. Values in cruise
conditions for each aircraft. Note: ¢, ; states error a
relative to b.

Figure 5.12: Vertical tailplane lift curve slope verification:
Conventional vs. T-tail aspect ratio. Values in cruise
conditions for each aircraft. Note: ¢, ; states error a

relative to b.
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Figure 5.9 shows a clear difference in lift curve slope error percentage between conventional- and
T-tails. The Q3D and USAF DATCOM calculations are much closer to the Fokker / Obert data for T-tails
compared to conventional tails. In addition, for the T-tail the Q3D and USAF DATCOM calculations both
have a similar error to the Fokker / Obert data, however, for conventional tails Q3D seems to perform
better than USAF DATCOM. It also stands out that the error for the conventional tail between the Q3D
and USAF DATCOM is much smaller than their respective errors relative to the Fokker / Obert data.
As most of the T-tails are Fokker aircraft, this strengthens the suspicion that the Fokker / Obert data is
biased for Fokker aircraft or underestimates conventional tail lift curve slopes (non-Fokker aircraft). The
exact same trends are witnessed in Figure 5.10, Figure 5.11, and Figure 5.12. Here the data seems
clustered for either conventional- or T-tails. This is expected as in general T-tails have more sweep,
higher taper ratio, and lower aspect ratios compared to conventional tails.

5.3. Estimating the transition location with the hump

The transition location simulations are an essential part of the aerodynamic analysis since it dictates
the magnitude of the transition shift due to the hump depending on flight conditions, and geometry and
will form the aerodynamic database for LFC. In this section, the method described in subsection 4.2.2
is followed to obtain the transition location. First, the boundary layer solver and stability analysis, and
the N-factor curves are discussed in subsection 5.3.1. Second, the dependence of the transition lo-
cation with the Reynolds number, obtained from the N-factor curves is presented in subsection 5.3.2.
Thereafter, the effects of tip vortices, boundary conditions, and separation on the transition location re-
sults are discussed in subsection 5.3.3, subsection 5.3.4, and subsection 5.3.5. Finally, the transition
locations results are compared with literature in subsection 5.3.6.

5.3.1. Boundary layer solver and stability analysis

To obtain the N-factor curves for the different configurations tested, a boundary layer solver and stability
analysis are used. For this, the numerical tools developed by the Group of Flow Control and Stability
within the Delft University of Technology are used. The boundary layer solver needs as input the
external velocity over the airfoil. This is obtained from the pressure distributions calculated by XFoil
at the airfoil sections as used in Q3D. Thereafter, the baseflow is computed by solving the boundary
layer equations [74]. In this work, the flow is assumed incompressible to simplify the formulation and
reduce the computational time. Despite the Mach numbers being as high as 0.78 (cruise speeds of
aircraft, see section 4.7), it is observed in literature that the dominant instability governing laminar-to-
turbulent transition remains unchanged for Mach numbers below Mach 4 [75]. Laminar-to-turbulent
transition is initiated by instabilities. This can be modeled by adding perturbations to the baseflow and
performing a stability analysis to see the behavior of the perturbations in the baseflow. This is done by
first establishing the perturbation equations. By using parallel linear stability theory, where the growth
of the boundary layer in streamwise direction is not accounted for (wall-normal velocity zero, stream-
and spanwise velocities as a function of y), and spanwise invariant (infinite wing), the perturbation
equations are simplified to a so-called 2.5D flow. The 2.5D equations are separable, which allows for the
eigenmode solutions. The eigenmode solutions have the form of a complex exponential wave function,
which can be used to determine when the flow becomes unstable and how the instabilities amplify
in streamwise direction, which eventually causes transition [75][67]. By combining these eigenmode
solutions with the e’¥-method by Van Ingen [66] the transition locations can be predicted. This method
finds the transition location by calculating the maximum amplification factor, N, for each perturbation
wavelength, creating an N-factor curve, which can be used to find the transition location.

As explained in subsection 4.2.2 the transition locations are obtained through the N-factor curves
taking the location at Nejcqn @and Npymp, for the clean and hump configurations respectively. Nejeqn iS
assumed to be 9 and Nyump = Netean + AN, where AN ~ [l CONFIDENTIAL for the forcing
case with a distributed roughness patch. The latter value is estimated from the (confidential) master
thesis by Morais [67] and is assumed to be valid for every flight condition. In reality the value of AN
would vary for different Reynolds numbers, angles of attack, and sweep angles, however, there is no
wind tunnel data available on this. The N-factors along the chord of the airfoil sections are calculated
for only one side of the airfoil, hence at a non-zero angle of attack, the N-factor curve from one side is
based on the opposite angle of attack compared to the other side. This is only possible since the M3J
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airfoil is symmetric.

20 20

B Quarter-chord sweep = 30 deg B Surface scaling = 0.5
18| ® Quarter-chord sweep = 35 deg 18| ®m surface scaling = 0.6
Quarter-chord sweep = 40 deg Surface scaling = 0.7
16 ®  Quarter-chord sweep = 45 deg 16 ®m  Surface scaling = 0.8
Quarter-chord sweep = 50 deg Surface scaling = 0.9

14 Quarter-chord sweep = 55 deg / 14 Surface scaling = 1
B Quarter-chord sweep = 60 deg 4 W Surface scaling = 1.1
= Surface scaling = 1.2

N-factor [-]
N-factor [-]

0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 OO 0.1 0.2 0.3 0.4 0.5 0.6 0.7
xic [-] xic[-]
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Figure 5.15: Section variation, x/c vs. N-factor (Fokker Figure 5.16: Angle-of-attack variation, x/c vs. N-factor
F-28 Mk1000, cruise, a = 0 deg) (Fokker F-28 Mk1000, mid-span section (4 of 8), cruise)

Several examples of N-factor curves are shown in Figure 5.13, Figure 5.14, Figure 5.15, and Fig-
ure 5.16. Note that the same airfoil section at the mid-span location (section 4 of 8) is taken for all
the N-factor curves, except of course in Figure 5.15, where the difference in section is evaluated. In
Figure 5.13 the effect of the sweep angle is visible. The transition location is at its minimum for the
45-degree sweep angle. Transition is delayed more downstream for sweep angles that are further
away from the 45-degree minimum. This is expected as the crossflow velocities and thus also the CFlI
are at their maximum at 45 deg [75]. Figure 5.14 shows that with increased surface area (and thus an
increase in chord length) the Reynolds number increases and the N-factor curve moves to the right,
therefore increasing the transition location. For varying sections in Figure 5.15, the N-factor curves
behave the same as for the surface variation. This is also expected because when a section is taken
closer to the tip, the chord length reduces due to taper. Again, this reduces the local Reynolds number
and therefore increases the transition location. Finally, Figure 5.16 shows the effect of changing the
angle of attack. Increasing the angle of attack moves the transition location upstream and vice versa,
which is expected behavior. Note that the o = —1 degree curve shows the special case where the
N-factor curve does not intersect the Ncjcqn and/or Ny, lines. This was already mentioned at the
end of subsection 4.2.2 and is regarded as a case where separation occurs at the chordwise location
where the curve ends. It is assumed that the transition location coincides with the separation location
and behaves like a laminar separation bubble. This assumption will be validated in subsection 5.3.5.
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5.3.2. Effect of Reynolds number on transition location

The transition locations are obtained from the N-factor curves in the previous section, following the
method explained in subsection 4.2.2. This process is performed for every airfoil section at every
required flight condition, for both the clean and hump configuration. The complete transition location
results for the Airbus A320 and Fokker F-28 Mk1000 in both cruise and landing conditions are shown
in Figure G.1 till Figure G.24, which form the aerodynamic database for LFC. To better see the general
trends in this data, plots with less data are shown in this section.

Starting with Figure 5.17, to show the effect of the hump and changing angle of attack for a single
vertical tailplane geometry. Before analyzing these effects, the general composition of the figure is
discussed. All figures in this section are constructed similarly, consisting of the same main components
discussed here. This figure shows the transition locations for one vertical tailplane geometry, namely for
the Fokker F-28 Mk1000 in cruise conditions. The angles of attack are indicated on the right-hand side
with their respective symbols (diamond, circle, and triangle). The clean and hump configurations are
indicated with a continuous and dashed line, respectively. To show which data point belongs to which
airfoil section along the span, the planform is shown with the tip and root side indicated. Finally, the
plot also shows the separation locations. The flagged (red cross) data points have laminar separation
and all other data points have turbulent separation at the trailing edge. Why the laminar separation has
a constant location is discussed in subsection 5.3.5.
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Figure 5.17: Change of transition locations with effective Reynolds number for original Fokker F-28 Mk1000 vertical tailplane
planform in cruise for varying angles of attack.

For Figure 5.17 several observations are made. First, overall, the curves all have a negative gra-
dient. This is because as the Reynolds number increases, the flow is more prone to transition and
therefore the transition location moves upstream. Second, the effect of the hump is shown for each
angle of attack by the dashed line. This clearly shows that the hump moves the transition location down-
stream compared to the clean configuration (full line). In this case, the hump has the most absolute
effect at & = 0deg, but is still very effective at the other angles of attack. Third, the effect of the angle of
attack on the transition location curve is that it shifts the curve vertically and the ends become curved.
As the simulated data is for the top side of the wing (when regarding the angle of attack), it is expected
that for a positive angle of attack, the transition location moves upstream (the curve moves down), and
for the negative angle of attack vice versa. The curved ends at non-zero angles of attack are due to
tip vortices. This will be explained in more detail in subsection 5.3.3. Finally, the plot also shows the
separation locations. For the angle of attack of -1 deg the mid-span section transition locations are
bounded by the laminar separation point. Here the hump will not induce a shift in transition location.
Why laminar separation has a constant location is discussed in subsection 5.3.5.

The effect of sweep variation on the transition location can be seen in Figure 5.18. The figure
shows four different sweep angles at the top, each with a different color. The corresponding data for
each sweep angle uses these same colors. From this figure, it can be observed that for increasing
sweep angle the curves shift to the left because the local Reynolds numbers reduce. This is because
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Figure 5.18: Change of transition locations with effective Reynolds number for Fokker F-28 Mk1000 vertical tailplane planform
in cruise for varying sweep angles and angles of attack.

the normal-to-sweepline velocity reduces with increasing sweep angle. Another thing that stands out
is when the sweep angle is increased (right to left) the Reynolds number range reduces (A1-A2). As
the local Reynolds numbers are reduced for all airfoil sections, their relative difference becomes less,
resulting in the curves seeming to get 'squeezed’ horizontally. Next to that, for increasing sweep angle,
the shift in transition location due to a change in angle of attack is much larger (B1-B2). In other words,
the transition location becomes more responsive to a change in angle of attack for larger sweep angles.
The higher sweep angles are at lower Reynolds numbers, and thus less able to withstand transition and
this makes the curves being ’stretched’ vertically as the sweep angle increases. Another noticeable
effect is that for 1 deg angle of attack, the ends of the curves bend more upwards for increasing sweep
angle (C1-C2). Higher sweep angles result in higher tip loading, which increases the strength of the
tip vortices, and in turn reduces the effective angle of attack (see subsection 5.3.3). At 0 deg angle
of attack, it is observed that the transition location is most upstream between 40 and 50 deg sweep,
which is in line with that CFI is most unstable at 45 deg sweep [75]. Finally, for the angle of attack 1
deg the absolute transition shift due to the hump becomes smaller when the sweep angle increases
(D1-D2). Similar behavior is seen at -1 deg, but this is partially overshadowed by the laminar separation
boundary.

The effect of surface area scaling is visualized in Figure 5.19. At the top it shows the three surface
scalings, increasing going from left to right. When increasing the surface area, the general shapes of
the transition curves stay the same, but the Reynolds number range increases (A1-A2) similarly to the
sweep variation. In contrast with the sweep variation, the Reynolds number does not change due to
a velocity change, but due to the change in chord length of the airfoil sections. As the local Reynolds
numbers increase for all airfoil sections when the surface area is increased, their relative difference
becomes greater. Another thing to notice is at & = 0° the curves for different surface scalings continue
in a straight line. As the surface area is scaled the only thing changing at the airfoil sections is the chord
length. All the other flow conditions stay the same at « = 0°, and therefore the curves merge. This
would also be the case for the non-zero angles of attack, were it not that the tip vortices bend the ends
of the curves as well as laminar separation occurring for some data points at « = —1°. Next to this,
a difference in transition shift due to angle of attack is noticed for the surface scaling of 1.2 (B1-B2).
Looking at the clean configuration, the absolute shift in transition between 0 and 1 deg is smaller than
between 0 and -1 deg. The same is observed for the hump configuration. Due to the laminar separation
boundary, it cannot be determined if this also applies to the other surface scalings. Finally, for the angle
of attack 1 deg the absolute transition shift due to the hump becomes smaller when the surface area
increases (C1-C2). This is the opposite of what is observed for sweep variation, where the absolute
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effect of the hump reduces for a decreasing Reynolds number.
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Figure 5.19: Change of transition locations with effective Reynolds number for Fokker F-28 Mk1000 vertical tailplane planform
in cruise for varying surface scalings and angles of attack.

The final comparison will be between the Airbus A320 and Fokker F-28 Mk1000 aircraft as they
have very different planforms. First, Figure 5.20 shows the data for both aircraft at their original sweep
angle, where both original planforms are shown at the top. The large difference in the Reynolds number
range for the airfoil section is due to the difference in sweep angle and taper between the Airbus A320
and Fokker F-28 Mk1000. The Airbus A320 has less sweep, and thus a greater relative difference in
local velocity between the sections as well as having more taper and thus having a greater difference
in chord lengths. Both of these factors affect the Reynolds number range. The vertical difference for
the curves can be explained by the difference in sweep angle, as the same behavior was observed in
Figure 5.18. Regarding hump effectiveness, the aircraft are similar in absolute transition shift due to
the hump. However, in relative terms, the hump has a bigger impact on the Fokker F-28 Mk1000. This
is again due to the difference in sweep angle.
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Figure 5.20: Change of transition locations with effective Reynolds number for original Airbus A320 and Fokker F-28 Mk1000
vertical tailplane planform in cruise for varying angles of attack.
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Second, when both planforms are changed to the same sweep angle, as seen in Figure 5.21, it
would be expected that the zero angle of attack curves overlap, similar to what was observed in Fig-
ure 5.19. Since the curves do not overlap in Figure 5.21, there must be another contributor to the
difference in transition location curves between the two aircraft. The main differences are surface area,
cruise speed, and taper. The former two are incorporated in the Reynolds number, which leaves taper
as the most likely explanation for why the curves differ.
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Figure 5.21: Change of transition locations with effective Reynolds number for Airbus A320 and Fokker F-28 Mk1000 vertical
tailplane planform in cruise at 60 deg sweep for varying angles of attack.

Third, Figure 5.22, compares the Airbus A320 and Fokker F-28 Mk1000 but scaled in such a way
that their surface areas almost are identical, 24.08 m? and 23.58 m?2, respectively. This shows that
even for the same surface area, the transition location curves look very different. This shows that the
planform plays an important role in the transition location, mainly dependent on sweep angle and taper
ratio.
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Figure 5.22: Change of transition locations with effective Reynolds number for Airbus A320 and Fokker F-28 Mk1000 vertical
tailplane planform in cruise at approximately same surface area (24.08 m? ~ 23.58 m?) for varying angles of attack.
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5.3.3. Effect of tip vortices on the spanwise distribution of the transition front
As observed in the previous section for all the non-zero angle of attack transition location curves, the tip
and root values are curved up- and downwards. This modification at the root and tip is caused by the
downwash effect of the tip vortices. These vortices influence both the tip and root of the tail because the
tail is modeled as a free-floating aerodynamic surface. To understand this better Figure 5.232 shows
a lifting wing, where due to the pressure difference between the top and bottom, tip vortices occur at
either end of the wing. These vortices create a downwash along the wingspan, being most present
near the tips and reducing going to the mid-span of the wing. The higher the downwash the lower the
local effective angle of attack and thus less lift near the tips. In Q3D, AVL is used to find the local lift
coefficient C; at each wing section and this tip vortex effect is also present there. The C; at the tips are
lower than the mid-span sections.
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Figure 5.23: Downwash distribution along wingspan due to tip vorticesZ.

From the C}, the effective C; is calculated and Q3D loops through XFoil to find the corresponding
effective angle of attack. When converged, the final effective angle of attack is used to calculate the
profile drag. The pressure distributions associated with the effective angle of attack are plotted in
Figure 5.24. It becomes clear that due to the tip vortices, the pressure distributions at the root and
tip of the vertical tail become less peaky near the leading edge, hence the lower local lift coefficients.
These pressure distributions are used in the boundary layer solver and stability analysis to calculate
the N-factor curves and from that the transition location curves. Therefore, the up-/downward bending
at the tip and root of these curves at non-zero angle of attack are the result of a lower effective angle
of attack, induced by the tip vortices. This then also means that for a non-lifting configuration at zero
angle of attack, there are no tip vortices. The associated pressure distributions are almost constant
for the different sections along the wingspan, as seen in Figure 5.25 and thus is the transition location
curve also (almost) linear at zero angle of attack.
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5.3.4. Effect of boundary conditions and interference on drag coefficient

In the aerodynamic analysis, the vertical tailplane is modeled as a free-floating aerodynamic surface.
The main reason to model the vertical tailplane as an isolated, free-floating surface is that the vertical
tailplane lift curve slope required for the Fokker / Obert stability analysis (section 2.5) is based on the
isolated free-floating vertical tailplane as well. The interaction effects with the fuselage and horizontal
tailplane endplate effect are incorporated at a later stage as correction factors to the free-floating lift
curve slope. As one of the objectives of this research is to analyze the effect of the hump on drag,
the question arises whether the drag coefficient can also be based on the free-floating approach and
whether it should be corrected for the fuselage and horizontal tailplane interference.

Free-floating vs. wall at root

The alternative to the free-floating approach would be to model the vertical tailplane with a wall at the
root as AVL in Q3D provides this option. Figure 5.26 shows a comparison between two identical vertical
tails with different boundary conditions at the root. In blue the free-floating tail is shown and in orange
the tail with a wall at the root. There are two main things to observe from this figure. First, and most
importantly, the transition locations at zero angle of attack are not affected by the wall at the root for
both the clean and hump configuration. Second, a wall at the root affects the transition location curves
at non-zero angle of attack. The wall continues almost linearly towards the root instead of curving
upwards. This confirms the analysis in subsection 5.3.3 that the curving is due to tip vortices, as the
wall ensures no tip vortex can be formed, acting like a winglet. It is also observed that the wall at the
root also moves the transition more upstream at an angle of attack of 1 deg. At -1 deg it is expected
that the wall moves transition more downstream, but laminar separation already occurs in this case.

In this research, the effect of the hump on a vertical tailplane is analyzed in cruise conditions, mean-
ing that there is no sideslip and thus no angle of attack at the vertical tailplane. Based on the observation
made earlier that the transition locations do not change for zero angle of attack with a wall at the root,
it is argued that modeling the vertical tailplane as a free-floating surface would yield the same results
in terms of drag reduction due to the hump. Another argument in favor of the free-floating approach
is that, as the vertical tail lift curve slope already requires the free-floating surface approach, it makes
sense to analyze the drag coefficient with the same configuration, reducing computational time.
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Figure 5.26: Change of transition locations with effective Reynolds number for original Fokker F-28 Mk1000 vertical tailplane
planform in cruise for varying boundary conditions and angles of attack.

Full surface area vs. exposed surface area
In continuation of the previous section, when analyzing the drag coefficient it could be argued that
only the drag of the exposed vertical tailplane is of interest for the total drag of the aircraft. This is
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different from the definition of the vertical tailplane surface area by Fokker / Obert as the tailplane
surface continues within the fuselage up to the fuselage centerline (see Figure 2.3). However, according
to Torenbeek [15], it is generally accepted to use the full surface area for vertical tailplanes instead of
the exposed surface area when the interference effects with the horizontal stabilizer and fuselage are
not taken into account. It is assumed that the additional drag due to the extended surface into the
fuselage compensates for the lack of interference drag. Moreover, the actual interference drag is hard
to estimate as the filleting and fairings are often unknown. It is estimated that unfilleted conventional
tailplanes would have an interference (combined fuselage- and horizontal stabilizer interference) of
around 4-5%, whilst fin-mounted tailplanes around 6% [76][16]. When properly filleted, the fuselage
interference can be reduced by 10% and horizontal stabilizer interference by 20% [76]. According to
Obert [17], for modern transport aircraft the areas where interference occurs are optimized for minimum
drag (fairings and fillets etc.), thus interference would be relatively small.

Dynamic pressure ratio for drag coefficient

It is established in the previous sections that the vertical tailplane can be modeled as a free-floating
aerodynamic surface and the drag coefficient should not be corrected for the fuselage and horizontal
tailplane interference when the full surface area is used. To calculate the drag of the vertical tailplane
the effective-versus-free-stream dynamic pressure ratio, QTV is required (see subsection 4.4.3), which
accounts for the fuselage boundary layer effect [14]. Unfortunately, only data is available that also in-
cludes the fuselage interference effect, K., %V K, isoriginally intended to adjust the vertical tailplane
lift curve slope and not the drag coefficient. Thus it must be assumed that K., is also applicable to
the drag coefficient. The value of KFV%V ~ 0.94 CONFIDENTIAL in cruise conditions (no flaps, no
sideslip, zero aircraft angle of attack) for both baseline aircraft. This value is comparable to the dy-
namic pressure ratio of fin-mounted horizontal stabilizers, qTH = 0.95 [15], as the aerodynamic centers
of the vertical tailplane and fin-mounted horizontal stabilizer are relatively close to each other. This
justifies the assumption that K., %v will suffice for the drag coefficient calculation.

5.3.5. Flow separation at the M3J airfoil

Already introduced in subsection 4.2.2, there are two main cases wherefore transition locations are
obtained from the N-factor curves. To test if the separation behavior is modeled as expected by XFoil
(Q3D), both of these cases will be analyzed in terms of separation and a third case will be added. The
first case, seen in Figure 4.5, is where transition takes place where the N-factor curve intersects with
Neiean OF Nrump- The second case, seen in Figure 4.6, is when the N-factor curve does not reach the
values of Njean OF Nhump. Here it is assumed that the transition location coincides with the point of
separation at x,.,. The third and final case that will be tested is forcing transition far downstream of
the separation point x,.,,, at the trailing edge.
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Figure 5.27: Change of transition locations with effective Reynolds number for Fokker F-28 Mk1000 vertical tailplane planform
in landing at 60 deg sweep for varying angles of attack.
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To test the three cases the configuration and flight conditions at the lowest Reynolds number are
chosen, as the flow is more prone to separate at lower Reynolds numbers. If the separation analy-
sis shows correct behavior for this case, it will also hold for higher Reynolds numbers. The lowest
Reynolds number data used in this research is for the Fokker F-28 Mk1000 in landing with a sweep
angle of 60 deg, shown in Figure 5.27. The separation location cannot be extracted directly from XFoil,
therefore the friction coefficient along the chord length is used. When the friction coefficient becomes
zero or negative, separation occurs. Based on this, the separation locations, together with the transition
locations are plotted and analyzed for each of the three aforementioned cases.
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Figure 5.28: Separation and transition locations Fokker F-28 Figure 5.29: Friction coefficient distribution
Mk1000, landing, sweep 60 deg, o = 1 deg suction side, clean and along mid-span airfoil section Fokker F-28
hump. Mk1000, landing, sweep 60 deg, a = 1 deg

suction side, clean and hump.

The separation front of first case, where transition takes place where the N-factor curve intersects
With Nejean OF Nhump, is shown in Figure 5.28, with the corresponding friction coefficient distribution for
the mid-span section in Figure 5.29 for both the clean and hump configuration. The effect of the hump
on the transition front is the transition location moving downstream relative to the clean configuration.
Separation occurs at the trailing edge (for both configurations), downstream of the transition location,
making it turbulent separation. Separation at the trailing edge is expected since the turbulent flow is
less likely to separate. This is reinforced by wind tunnel experiments, separation would also occur at
the trailing edge for M3J wings in cases where the flow already transitioned [68]. These wind tunnel
tests were performed at lower Reynolds numbers than the ones used in this research. Since the flow
is less likely to separate at higher Reynolds numbers, separation at the trailing edge is expected here.
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Figure 5.30: Separation and transition locations Fokker F-28 Figure 5.31: Friction coefficient distribution
Mk1000, landing, sweep 60 deg, o = 1 deg pressure side, clean along mid-span airfoil section Fokker F-28
and hump. Mk1000, landing, sweep 60 deg, o = 1 deg

pressure side, clean and hump.
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The second case is when the N-factor curve does not reach the values of Nijcqn OF Npymp. Here
it is assumed that the transition location coincides with the point of separation at x.,. The separation
front is shown in Figure 5.30 and the friction coefficient distribution in Figure 5.31. These plots show
that when the transition location coincides with the separation location as simulated with the boundary
layer stability solver, the separation behavior is similar to the first case, where transition occurs before
separation. It might be the case that the XFoil estimate for the separation location is slightly further
downstream than the value obtained with the boundary layer stability solver. This means that this
specific case does not behave as a laminar separation bubble as suggested in subsection 4.2.2.
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Figure 5.33: Friction coefficient distribution

along mid-span airfoil section Fokker F-28

Mk1000, landing, sweep 60 deg, « = 1 deg
pressure side, at (xtr/c) forced = 1.

Figure 5.32: Friction coefficient distribution along mid-span airfoil
section Fokker F-28 Mk1000, landing, sweep 60 deg, o = 1 deg
pressure side, at (z¢r/c) forcea = 1.

The third case is forcing transition far downstream of the separation point z,.,,, at the trailing edge.
The reason for this is to see if the expected laminar separation bubble, which was not observed in
the second case, will occur. Again, Figure 5.32 shows the separation front and Figure 5.33 the corre-
sponding friction coefficient distribution. By forcing (2¢/c) forcea = 1, the flow remains laminar up to
the point of separation (laminar separation), which also directly results in transition and reattachment,
which forms the laminar separation bubble. Note that this (x,/c)phycica li€s right after the laminar sep-
aration location, which is upstream of the (z¢,/c) forceqa location. Due to the (physical) transition, the
boundary layer will reattach, after which turbulent separation will happen further downstream or even
stay attached up until at the trailing edge (as is the case here). This reinforces the suspicion that the
XFoil estimate for the separation location is slightly further downstream than the value obtained with
the boundary layer stability solver. Based on experimental evidence [68], it is known that a laminar
separation bubble forms around z/c ~ 0.70 (& = 0 deg and Re = 2.12 - 10°). This behavior is also
observed in Figure 5.33, where the laminar z,.,/c ~ 0.70. As the laminar flow reaches the adverse
pressure gradient region of the airfoil (see Figure 5.4 around z/c = 0.65, the adverse pressure gradient
is so strong the flow will always separate and a laminar separation bubble will occur. Therefore the
laminar separation location is relatively constant for varying Reynolds numbers.

After analyzing the three transition location cases, it is shown that XFoil can simulate the sepa-
ration behavior realistically. Even though XFoil estimates the separation location is slightly further
downstream than the boundary layer stability solver, it is still able to simulate the laminar separation
bubble.

5.3.6. Comparison of transition location results with literature

Figure 5.34 shows the transition location curves for an unswept NACA0012 wing. This is one of the
few sources with a symmetric airfoil at a similar Reynolds range as the cases in this research. The
closest case in terms of Reynolds range in this research is the Fokker F-28 Mk1000 in cruise, as
seen in Figure 5.35. A comparison can be made at a = 0 deg since this is the same as C; = 0 in
the experimental NACA 0012 data. The angles of attack corresponding to the other C; values of the
experimental NACA 0012 data are unknown. Even though this is not a direct comparison, due to the
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difference in sweep angle and airfoil shapes, it is observed that as the Reynolds number increases, the
transition location shifts upstream in an exponential manner. This shows that the trend found for the
transition location curves in this research is supported by the literature, to a certain extent.
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Figure 5.34: Transition location curves for unswept
8-foot span wing with 5-foot-chord NACA 0012 airfoil
(solid-wood and metal-covered) [77].

Figure 5.35: Transition location curves for 40 deg swept
wing with M3J airfoil (Fokker F-28 Mk1000, cruise,
a = 0deg)

Figure 5.36 shows an overview of laminar flow tests performed in Europe with their respective free-
stream Reynolds numbers and leading edge sweep angles by Schrauf [8]. For comparison with this
research, the Reynolds-sweep range of the vertical tail of the Airbus A320 and Fokker F-28 Mk1000
tested with the DeLaH are added. This research increases the maximum investigated sweep angle
from 40 to just over 60 deg. Also, note that the Airbus A320 with hump is right on the A320 Laminar Fin
in terms of Reynolds number, but the Laminar Fin was tested for a broader range.
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Figure 5.36: Free-stream Reynolds number vs. leading edge sweep, comparison of wind tunnel- and flight tests in Europe [8]
and simulations of Delft Laminar Hump in cruise. Note free-stream Reynolds number based on MAC of the vertical tailplane.

5.4. Validation of stability analysis with wind tunnel data

To validate the stability coefficients calculated with the Fokker / Obert method [14], a comparison is
made between available wind tunnel data and the calculated values. In the results discussed in this
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section, a distinction is made between two types of calculated values. The exact calculated values are
the values calculated by Fokker / Obert, which uses the actual values for each aircraft instead of using
the average curves of the generalized method. The calculated values based on average curves are the
result of the implementation of the generalized Fokker / Obert method in this research, as discussed
in section 2.5. The generalized Fokker / Obert method based on the average curves is used in this
research because it makes it possible to assess other geometries next to the ones of existing aircraft.
This will be used during the sensitivity analysis section 6.2, where different geometric variables are
varied to see the effect on various aircraft characteristics, such as the stability coefficients. In this
section, the results make it possible to see the difference between the wind tunnel data and the exact
and average curve calculations.

There are two aircraft evaluated in this section, namely the Airbus A320 and the Fokker F-28 Mk
1000 since these are the baseline cases as discussed in section 4.7. Both aircraft are considered to
be in cruise. The original flight conditions and geometry can be found in Table H.1 till Table H.6. Note
that these validation values of the stability coefficients are not all evaluated for the same geometry and
flight conditions. These validation results are therefore not the same as the stability coefficient results
shown in subsection 6.1.1. The changes to the original flight conditions and geometry specific for the
stability analysis validation in this section are found in Table I.1, Table |.2 and Table I.3. For both of these
aircraft, not all data was available to fully validate the stability coefficients. The data of the Fokker / Obert
method [14] does not show any rolling moment coefficient data, most likely since this derivative is often
neglected during the initial design stages of the vertical tailplane, due to the relatively small contribution.
In addition, the aileron derivatives are calculated with a method by Roskam [22] (subsection 2.5.8), and
no data was found to validate these values. Finally, for the vertical tail components, the (Cr,,)  from
Fokker / Obert data [14] was used in the generalized calculations with the average curves, and not the
calculated values by Q3D, otherwise additional errors are introduced. Note that in all the other results
after this section, the (C,,),, will be calculated with Q3D unless stated otherwise.

Airbus A320 stability coefficient validation
In Table 5.3 it can be seen that almost all stability coefficients calculated based on average curves match
reasonably well with both the wind tunnel and exact calculated values (eqg,wt @Nd €gpg.c,). Most of the

errors are within 15%, and many even lower. The only outlier is the (Clq>T o’ which is a good match

to the exact calculated value, however, there is a mismatch compared to the wind tunnel data. This
is also the case for the exact calculated values compared to the wind tunnel data (e. :). Therefore
the calculation based on the average curves is probably correct, but the Fokker / Obert method simply
does not match with wind tunnel experiments. No potential explanation was identified.

Since there is so much data missing an additional comparison is made to validate the tail-off sta-
bility coefficients. There is data available for the Fokker F-29 model 1-2, which is very comparable to
the Airbus A320 in terms of geometry. Especially comparable for the driving geometry characteristics

involved in the calculation of (C’yﬁ )T o and (Cnﬁ )T o as seen in Table 5.5. For (Cl/3 )T o however,

there is a large discrepancy between the wing lift boeﬁicients as well as the wing dihedral, which makes
the aircraft not comparable for this stability coefficient. Fortunately the (Clﬁ)T o for the Airbus A320

is already validated in Table 5.3. The stability coefficients for the F-29 (wind tunnel and exact values)

compared to the Airbus A320 (average curves) are compared Table 5.4. (Cyﬂ)T o and (C"B)T o
coefficients match very well when looking at €,,4 ... Therefore it can be assumed that the Fokker F-29

model 1-2 and Airbus A320 are also comparable in terms of stability coefficients and that the Fokker
F-29 model 1-2 wind tunnel values should be indicative of the magnitude of the Airbus A320 wind tun-
nel values. eq.4,.,+ Shows that the error of the stability coefficients Airbus A320 relative to wind tunnel
values would lie around 20 and 27%, which is deemed reasonable.

Fokker F-28 Mk1000 stability coefficient validation
In Table 5.6 it can be seen that again most of the stability coefficients calculated based on average
curves are within 15% of both the wind tunnel and exact calculated values (e4.g,wt @nd €qpg.c2). The

exceptions are the (Cyﬁ)T_O, (1 + g—g) qTVKFV from (AC%) and the Claa' For the (Cyﬂ) ,

V+H T-0



5.4. Validation of stability analysis with wind tunnel data 80

it is again the case that the average curve value matches the exact calculated value and that they both
have a similar error to the wind tunnel value. This implies that the Fokker / Obert method does not
match with wind tunnel experiments for this stability derivative, but no potential explanation could be

identified. In case of the (1 + g—g) ‘%VKFV from (AC%)V o the error is still reasonable, moreover
+

the same value obtained through (ACyB ) .
JF

is comprised of many different sidewash components, the error seems to be the accumulation of many
smaller errors, since no main driving contributor to this error could be identified. Regarding the G,
the error is very large, which is unexpected. The calculated value overestimates the effectiveness of
the aileron greatly. The only potential explanation for this discrepancy is that the aileron dimensions
are incorrectly assumed as these are estimated from drawings.

wind tunnel measurements is much lower. As this value
H

Stability analysis for DeLaH implementation

Overall the average curve calculation performs reasonably well compared to both the exact calculation
as well as the wind tunnel values. The maijority of stability coefficients are within 15%. Larger errors
are observed for tail-off- and aileron stability derivatives. As this research focuses on the impact of the
hump on the vertical tail, the only stability derivatives affected by the implementation of the hump are
the vertical tail derivatives through the vertical tailplane lift curve slope. This means all other stability
derivatives stay constant when implementing the hump on the vertical tail. When redesigning the
vertical tail in the sensitivity analysis only the vertical tail- and rudder stability coefficients are affected.
As the vertical tail- and rudder stability coefficients are within 15%, which is deemed sufficient, the
relative effect of the hump and vertical tail redesign on the total stability coefficients of the aircraft can
still be properly observed.

Table 5.3: CONFIDENTIAL Airbus A320 stability coefficient validation. Flight conditions and geometry see Table H.1,

Table H.2, Table H.5, and Table I.1. Note: * unit is not [deg—!], but [—]. Note: ¢, ; states error a relative to b.
Stabilit Wind Calc. exact | Calc. average . . .
derivati\)/,e tunnel (wt) | values (ex) | curves (avg) ‘Eﬁ/a"t “[”o;*]w’f “[%7]”
[deg "] [14] | [deg™"] [14] [deg "] ° ° ’
(Cyﬂ)TiO - - -0.0089 - - -
Tail-off (OZB>T o . . -0.00104 Il N
(Cny) - - -0.00240 ; ; )
B/T-0
Horizontal
tail (% )H - - -0.00008 - . ]
(¢y,) ] i 20.0125 - mm | -
Vertical v
tail (Cl,e )V - - -0.00172 - - )
(Cnﬂ)v I - 0.00589 - ] i
(%), 3 3 0.347" — BE_BE_ |
(1+%2) 2Kry
[ B - 1.238" - -
Sidewash | from (AC,, o
V+H
o) v
(1 N 66) o v [} - 1.238" - B )
from (ACn )
B)viH
Cy, - || 0.0045 - - B
Rudder Cis - - 0.00075 - - -
Crns - I -0.00236 - - __u
R
Cy, - - 0 - - -
Aileron G, - - -0.00287 - - .
Ch, - - 0.00009 - - -
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Table 5.4: CONFIDENTIAL Airbus A320 stability coefficient validation compared to F-29 model 1-2 with wing-mounted
nacelles. Flight conditions and geometry see Table H.1, Table H.2, Table H.5, and Table I.2. Note: * unit is not [deg—!], but [—].
Note: ¢, ; states error a relative to b.

Stabilit Wind Calc. exact Calc. average
DIty tunnel (wt) values (ex) curves (avg) | vt | Cavgwt | Cavoex
derivative (deg™"] [14] (deg~"] [14] (deg~"] [%] [%] [%]
Aircraft - F-29 model 1-2 | F-29 model 1-2 Airbus A320 - - -
(¢,), | ] 00089 | EN | HEN | EE
Tail-off (Cz B) I I -0.00104 I N .
T—-0
(Cn ﬁ)TiO I I -0.00240 Il BN

Table 5.5: CONFIDENTIAL Comparison of driving geometry characteristics for tail-off stability coefficients of Airbus A320 and
F-29 model 1-2 with wing-mounted nacelles [17]. Note: ¢, ; states error a relative to b.

Stability | Driving geometry | ;s A350 | F-20 model 1-2 | 20,4220
derivative characteristic [%]
(c,) Siuperors _— _— -4.85
8)r—0 w
( c ) Cr, || || 156.25
1
Tail-off BJ)T-0 . M ey | R 37.25
ail-o (c ) I, B | BB 4.90
"8)r 0 by, D I -3.07

Table 5.6: CONFIDENTIAL Fokker F-28 Mk1000 stability coefficient validation. Flight conditions and geometry see Table H.3,

Table H.4, Table H.6, and Table 1.3. Note: * unit is not [deg—!], but [—]. Note: T from [17]. Note: ¢, ; states error a relative to b.
Stabilit Wind Calc. exact | Calc. average
derivati\)lle tunnel (wt) | values (ex) | curves (avg) 66[90”/’1}” 6“[”0;’]“ 6“[”;;”]”
[deg ') [14] | [deg™'|[14] | [deg”’] ’ ’ ’
(Cyd )Tfo . . -0.0062 Il N .
Tail-off (c1,) BN BN | 00004 | NN | EEN | NN
vV
(Cnﬁ ) . I I -0.00146 Il BN
Horizontal
tail (C% ) H i i 0 i i i
(¢,) [ : 0.0109 - | -
Vertical C = 0.00188
tail ( ‘ﬂ)v ) ) e ) } }
(Cny) ] - 0.00436 - || -
Vv
(%), 3 3 0276 | N | NI | NN
(1 + g% q;/ Krv
- : 1.199" - | -
Sidewash | from (Acyi)
B/V+iH
1+ 2 Y Kpy
( éﬂ) a R - 1.199* - [ -
from (ACn
8/viH
Cy, - || 0.0030 - - N
R
Rudder CZ6R - - 0.00058 - - -
Ch, - | -0.00138 - - N
R
Cy,. - - 0 - - -
Aileron Ci,, ] - -0.00582 S :
Cn, - - 0.00016 - - -







Results baseline and sensitivity
analysis

In this chapter, starting with section 6.1, the baseline configurations will be assessed, as introduced
in section 4.7. This will show both the effect of retrofitting the DelLaH on existing aircraft as well as
the effect of changing the original vertical tailplane airfoil shape to the M3J, as the M3J is required for
implementing the hump. Moreover, it will provide a ground truth to compare the geometry changes due
to the sensitivity analysis. This sensitivity analysis is presented in the second part of this chapter in
section 6.2, section 6.3, and section 6.4, where the effect of a change in sweep angle as well as scaling
the surface area on the effectiveness of the hump is analyzed.

All results in this chapter are calculated based on original geometry and flight conditions as provided
by Table H.1 till Table H.6. In addition, the vertical tailplane lift curve slope (Cr,, ), and drag coefficient
(C,), are calculated with Q3D. This makes it possible to vary the vertical tailplane airfoil shape and
the vertical tailplane planform geometry, and asses for both landing- and cruise conditions.

6.1. Baseline results
The baseline results will use three vertical tailplane configurations:

1. Original airfoil (depending on the aircraft)
2. M3J airfoil in clean configuration
3. M3J airfoil with the hump

The transition locations for the original airfoil are calculated by XFoil with free transition at N =
9, whilst the transition locations for both M3J configurations are obtained from the N-factor curves
calculated with the boundary layer solver and stability analysis (see subsection 5.3.1) at N ..., = 9 and
Nhump = Neean + AN, where AN ~ Il CONFIDENTIAL. By analyzing these three configurations
the effect of changing the original airfoil to the M3J airfoil can be observed, as well as the effect of
the hump. The results are divided into four sections. First, the stability coefficients are shown in
subsection 6.1.1. Second, in subsection 6.1.2, the critical design requirements are checked based
on the provided stability coefficients. Third, the full aircraft results are presented in subsection 6.1.3.
Finally, the full aircraft results for the original airfoil shape will be validated in subsection 6.1.4.

6.1.1. Baseline results stability coefficients

The baseline results for the stability coefficients for the three vertical tailplane configurations are pro-
vided in Table 6.1 and Table 6.2, for both landing and cruise conditions because both flight conditions
will be required when assessing the critical design requirements in subsection 6.1.2. Note that the side
force due to bank angle, C, x and yawing moment due to one engine inoperative, (Cn)om, are only
shown for landing conditions as they are only used for the critical design requirements that use landing
conditions.
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Table 6.1: Stability and control coefficient results for baseline configuration Airbus A320 for varying vertical tailplane

configurations at landing and cruise conditions. Flight conditions and geometry see Table H.1, Table H.2, and Table H.5.
Vertical tailplane aerodynamics calculated with Q3D. Note: * unit is not [deg—!], but [—].

Original airfoil | M3J clean | M3J hump | ccican,orig | Chump,orig | €hump,clean
[deg™"] [deg™"] [deg™"] (%] (%] (%]
Flight condition Landing

Cy, -0.0230 -0.0230 -0.0230 -0.000018 | -0.000005 0.000013
Sideslip Ci, -0.00497 -0.00497 -0.00497 -0.000008 | -0.000002 0.000006
Chn, 0.00406 0.00406 0.00406 -0.000050 | -0.000015 0.000035
Cyé_R 0.0051 0.0051 0.0051 -0.000035 | -0.000010 0.000025
Rudder Cl% 0.00061 0.00061 0.00061 -0.000035 | -0.000010 0.000025
Cn‘*R -0.00274 -0.00274 -0.00274 -0.000035 | -0.000010 0.000025

Cyaa 0 0 0 0.00 0.00 0.00

Aileron Claa -0.00287 -0.00287 -0.00287 0.00 0.00 0.00

Cns(1 0.00108 0.00108 0.00108 0.00 0.00 0.00

Bank angle C’y¢ 0.4557 0.4557 0.4557 0.00 0.00 0.00

Other (C")om 0.01310* 0.01310* 0.01310* 0.00 0.00 0.00

Flight condition Cruise

. C’yl3 -0.0230 -0.0230 -0.0230 -0.000029 | -0.000023 0.000006
Sideslip Ols -0.00312 -0.00312 -0.00312 -0.000030 | -0.000024 0.000006
C’”B 0.00448 0.00448 0.00448 -0.000071 -0.000057 0.000014
CyéR 0.0052 0.0052 0.0052 -0.000046 | -0.000037 0.000009
Rudder C 0.00088 0.00088 0.00088 -0.000046 | -0.000037 0.000009
Cn;; -0.00276 -0.00276 -0.00276 -0.000046 | -0.000037 0.000009

Cyéa 0 0 0 0.00 0.00 0.00

Aileron b, -0.00287 -0.00287 -0.00287 0.00 0.00 0.00

Cn5a 0.00009 0.00009 0.00009 0.00 0.00 0.00

Table 6.2: Stability and control coefficient results for baseline configuration Fokker F-28 Mk1000 for varying vertical tailplane
configurations at landing and cruise conditions. Flight conditions and geometry see Table H.3, Table H.4, and Table H.6.

Vertical tailplane aerodynamics calculated with Q3D. Note: * unit is not [deg—!], but [—].

Original airfoil | M3J clean | M3J hump | €cican,orig | €hump,orig | €hump,clean
[deg™'] [deg—] [deg—] (%] (%] [%]
Flight condition Landing
Cy, -0.0183 -0.0183 -0.0183 -0.000011 -0.000013 -0.000002
Sideslip Czﬁ -0.00380 -0.00380 -0.00380 -0.000007 | -0.000008 -0.000001
Cn, 0.00328 0.00328 0.00328 -0.000025 | -0.000029 -0.000004
C%R 0.0032 0.0032 0.0032 -0.000020 | -0.000024 -0.000003
Rudder C%R 0.00049 0.00049 0.00049 -0.000020 | -0.000024 -0.000003
CnJR -0.00152 -0.00152 -0.00152 -0.000020 | -0.000024 -0.000003
Cyéa 0 0 0 0.00 0.00 0.00
Aileron Cléa -0.00582 -0.00582 -0.00582 0.00 0.00 0.00
C”sa 0.00206 0.00206 0.00206 0.00 0.00 0.00
Bank angle C-qu 0.4162 0.4162 0.4162 0.00 0.00 0.00
Other (Cn)()EI 0.00732* 0.00732* 0.00732* 0.00 0.00 0.00
Flight condition Cruise
. Cy -0.0171 -0.0171 -0.0171 -0.000098 | -0.000106 -0.000007
Sideslip C -0.00210 -0.00210 -0.00210 -0.000139 | -0.000149 -0.000010
C,,,ﬂ 0.00305 0.00305 0.00305 -0.000220 | -0.000237 -0.000017
CyéR 0.0031 0.0031 0.0031 -0.000149 | -0.000160 -0.000011
Rudder C 0.00060 0.00060 0.00060 -0.000149 | -0.000160 -0.000011
Cn;; -0.00143 -0.00143 -0.00143 -0.000149 | -0.000160 -0.000011
Cy, 0 0 0 0.00 0.00 0.00
Aileron Claa -0.00582 -0.00582 -0.00582 0.00 0.00 0.00
C"éa 0.00016 0.00016 0.00016 0.00 0.00 0.00
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The first thing to notice is that the sideslip and rudder derivatives are the only derivatives affected by
a change in airfoil and/or hump, as expected. However, the effect of the airfoil and/or hump is very small.
The differences in stability coefficients between the three configurations are so small that they are only
visible when looking at the error percentages with at least three to six decimals. As the derivatives are
only changed through the change in (Cy,, ), this implies that the lift curve slope is almost not affected
by the change in airfoil/lhump. Also, the aileron- and bank angle derivatives, and yawing moment due
to one engine inoperative are not affected by the airfoil change since these are not dependent on the
vertical tail lift curve slope.

The effect of the change in airfoil going from the original NACA 4-digit series airfoil to the M3J
airfoil (clean) is represented by € ican.orig- When comparing landing and cruise conditions, the cruise
conditions have a slightly higher error, which is expected due to the higher velocity. Comparing the
values of the Airbus A320 and the Fokker F-28 Mk1000, the differences are the result of differences in
flight speed, planform as well as airfoil shape. No clear trend is identified, however.

The effect of the hump is represented by €p,yump ciean, @nd shows that the hump almost does not
affect the vertical tailplane lift curve slope and stability coefficients. This is desirable because this also
means that the hump does not reduce the overall stability of the aircraft. With this, retrofitting the hump
on an existing aircraft becomes a viable option. Again when comparing the values of the Airbus A320
and the Fokker F-28 Mk1000, no clear trend is observed. The only thing that stands out is that the
effect of the hump is a small increase for the Airbus A320 and a decrease for the Fokker F-28 Mk1000
in terms of stability coefficients. However, such small errors can be neglected.

All in all, the analysis of the very small differences in stability coefficients between the three config-
urations needs to be taken with caution as the vertical tailplane lift curve slope is calculated with Q3D.
Q3D loops through XFail to find the effective angle of attack that matches the local lift coefficient for
each airfoil section. This process repeats until the termination criterium is reached when the difference
between two consecutive values of the induced angle of attack falls below a threshold (Aa; < 0.05).
Therefore differences in lift curve slope are potentially (partially) the result of this threshold. Neverthe-
less, it is concluded that the effect of the hump on the vertical tailplane lift curve slope and stability
coefficients is negligible.

6.1.2. Baseline results critical design requirements

The critical design requirements are also evaluated for all three vertical tail configurations. However,
since the differences in stability coefficients between the three configurations are very small, as estab-
lished in the previous section, the values obtained for the critical design requirements are the same for
the three cases. Therefore, in Table 6.3, the results for the critical design requirements are shown once
for each aircraft, but are valid for all three vertical tail configurations. Each of the requirements uses
either landing or cruise conditions as denoted for the requirement type, as well as the implementation
of the requirement itself, the associated values, and whether the requirement is met for both aircraft
individually.

All critical design requirements are met with some margin left, which was expected as these results
are valid for the original airfoil and vertical tail configuration. The original configuration should fulfill the
CS-25 regulations for Large Aeroplanes by EASA since these aircraft are already certified. The only
exception is the stall angle for full rudder sideslips, where the sideslip angle, 8., .5, €xceeds the
maximum stall angle, o, . Note however that this stall angle is calculated with the USAF DATCOM

approach laid out in subsection 2.6.4. This method assumes that the vertical tailplane is an isolated
wing without any interference from other components. In reality, the flow at the base of the vertical tail
will be turbulent due to the vicinity of the fuselage, which opposes separation. Moreover, the Fokker F-
28 Mk1000 has a dorsal fin, which also increases the stall angle [17][14]. The exact effect of the dorsal
fin on maximum stall angle is hard to quantify but can be in the order of 10 degrees [17][14][78][79].
Therefore these values are deemed close enough to meet the critical design requirement for not stalling
at full rudder sideslip crosswind landing. A final thing to notice is that the maximum stall angle is different
for the one engine inoperative and the crosswind landing for steady straight sideslips and full rudder
sideslips. The reason for this is that the maximum stall angle is adjusted for the rudder deflection. The
magnitude of the adjustment of the stall angle is proportional to the amount of rudder deflection.
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Table 6.3: Results baseline critical design requirements (based on CS-25 for Large Aeroplanes by EASA). Airbus A320
stability coefficient values from Table 6.1. Fokker F-28 Mk1000 stability coefficient values from Table 6.2.

Critical design requirement Airbus A320 Fokker F-28 Mk1000
Type Requirement Values ?:;’ Values Rr’:gt-
Cy, <0 Cy, =-00230deg T | yes | C, =-0017Tdeg " | yes
Static stability G, <0 Ci, =-0.00312 deg T yes Ci, =-0.00210 deg T yes
(Cruise) Onﬂ >0 Chn, =0.00448 deg~" yes Chn, =0.00305 deg~" yes
v B =11.91 deg, B =15.27 deg,
Bogr = arcsin (%) OBIL _ yes OBIL _ yes
V. =30 KCAS Ve =30 KCAS
One engine 0 = 15.61 deg, 0p =27.44 deg,
inoperative Op S 0p,,, Rupas = 39 deg yes Op,.., =35deg yes
(OEN) Sq = -17.29 deg, 34 = -7.69 deg,
(Landing) Oa < damas Sa, . =25deg yes Sa, . =25 deg yes
= 0.43 deg, = 0.46 deg,
. a7z B =11.91 deg, B =15.27 deg,
Crosswind B = arcsin [ —SW CWL,558 yes CWL,558 yes
landing CWL,sSS ( v ) Vi =30 KCAS Vi =30 KCAS
for steady, 5, =0 /2 Or = 17.5 deg, yes Or =175 deg, yes
straight ’ " fmos SRy /2= 175 deg ORtypap /2 =175 deg
>tralg 00 = -14.82 deg, 0a = -8.84 deg,
(é'v‘éiszzé) O = Ounas Samas =25 deg yes Samas = 25 deg yes
- =0.41 deg, ¢ = 0.54 deg,
(Landing) 6 < bmac 0 yes yes
= Pmaz = 3 deg Gmaz = 3 deg
Crosswind (Bewr, rrs " Bowr,sss) >0, | Bowr,rrs = 22.16 deg, yes Bewr prs = 37.13 deg, yes
landing Bewr.rrs > Boww.sss Bowr.sss = 11.91 deg Bowr.sss = 1527 deg
for full §. =6 dp =35 deg, os 5 = 35 deg, os
rudder f fmes Oppan =35 deg g OB mas = 39 deg d
. . dq = -25 deg, dq = -25 deg,
desl -
(CWL FRS) P = Ounas banne =25deg | Y | e =25deg | YOS
(Landing) 6 < bmas om0l yes oo yes
B =11.91 deg, B =15.27 deg,
Boer < e aCOEI =23.03 deg yes aCOEI =32.70 deg yes
mazx Lmaa: LT’VL(I.J)
Stall BCWL’SSS =11.91 deg, BCWL’SSS =15.27 deg,
(Landing) Powrsss < T ag =22.81 deg yes ac, = 33.47 deg yes
BCWL?L:;S =22.16 deg, ﬂcw:?;s =37.13 deg,
Pewrrrs S0c, ac,  =20.76deg O ag  =3212deg no

6.1.3. Baseline results full aircraft

The full aircraft results for the baseline aircraft are presented in Table 6.4 and Table 6.5, for the Airbus
A320 and Fokker F-28 Mk1000, respectively. Starting with the effect of changing the airfoil from the
original to M3J (ecican,orig), the vertical tailplane lift curve slope is not affected. However, the drag co-
efficient is significantly affected and reduced by 12.20% for the Airbus A320 and 2.63% for the Fokker
F-28 Mk1000. A potential explanation for the difference in drag coefficient reduction, apart from differ-
ences in planform and flight speeds, is that the Airbus A320 and Fokker F-28 Mk1000 have a different
thickness-to-chord ratio for the original airfoil, 9 and 10% respectively. The vertical tailplane weight is
not affected as it is based on an empirical relationship using the design dive speed and planform geom-
etry (see subsection 4.4.1), thus the airfoil shape does not play a role in this estimate. The full aircraft
drag coefficient is reduced by 0.33% for the Airbus A320 and 0.11% for the Fokker F-28 Mk1000 and is
the direct result of the drag reduction of the vertical tailplane. The drag reduction in turn increases the
lift-to-drag ratio and decreases the fuel weight, volume, and C O, emission, the latter three all directly

related, hence the same error percentages.

With the effect of the change in airfoil known, the effect of the hump can now be analyzed. Starting
again with the vertical tailplane results, it can be seen that the vertical tailplane lift curve slope is not
affected by the implementation of the hump. This is desirable since this means that a retrofit of the hump
will not affect the stability of the aircraft. In contrast, the vertical tailplane drag coefficient is affected by
the hump. It greatly reduces the vertical tailplane drag coefficient by 6.73% and 8.72% for the Airbus
A320 and Fokker F-28 Mk1000, respectively. The reduction in vertical tailplane drag is also reflected
by the full aircraft drag coefficient, which is reduced by 0.17% and 0.34%. This then translated into an
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increase in lift-to-drag ratio of the same magnitude and a reduction of fuel weight, volume, and CO,
emission slightly lower. The vertical tailplane weight is not affected for the same reason as explained
for the change in airfoil. It is assumed that the added weight due to the hump itself is negligible.

From these results, it can be concluded that the DeLaH has a significant drag-reducing effect on the
overall aircraft, whilst not affecting the aircraft’s stability. Even though the fuel savings for an individual
aircraft are not very large, on a fleet level this would be significant. The hump can be retrofitted on
existing aircraft by simply gluing it on the outer skin, making it a relatively simple and cheap way to
improve efficiency for aircraft manufacturers.

Table 6.4: Results baseline Airbus A320 in cruise, no sideslip. Flight conditions and geometry see Table H.1, Table H.2, and
Table H.5. Vertical tailplane aerodynamics calculated with Q3D. Note: ¢, ; states error a relative to b.

Origina| M3J M3J €clean,orig €hump,orig €hump,clean
airfoil clean hump [%] [%] [%]
(Cr,), 0.0444 0.0444 0.0444 0.00 0.00 0.00
(), 0.0047 0.0042 0.0039 -12.20 -19.75 -6.73
Vertical tailplane weight | 494 kg | 494 kg | 494 kg 0.00 0.00 0.00
C, 0.0363 0.0362 0.0361 -0.33 -0.50 -0.17
% 17.300 17.356 17.386 0.32 0.49 0.17
Fuel weight 8311 kg | 8285kg | 8272kg | -0.31 0.47 0.16
Fuel volume 10337 1 10305 ! 10289 | -0.31 -0.47 -0.16
CO emission 26179 kg | 26099 kg | 26057 kg -0.31 -0.47 -0.16

Table 6.5: Results baseline Fokker F-28 Mk1000 in cruise, no sideslip. Flight conditions and geometry see Table H.3,
Table H.4, and Table H.6. Vertical tailplane aerodynamics calculated with Q3D. Note: ¢, ; states error a relative to b.

original M3J M3J €clean,orig €hump,orig €hump,clean
airfoil clean hump (%] (%] (%]
(CL,), 0.0305 | 0.0305 | 0.0305 0.00 0.00 0.00
(Cp), 0.0047 0.0045 | 0.0042 -2.63 -11.58 -8.72
Vertical tailplane weight | 332 kg 332 kg | 332kg 0.00 0.00 0.00
C, 0.0261 0.0260 | 0.0260 -0.11 -0.45 -0.34
% 14.600 14.616 14.666 0.11 0.45 0.34
Fuel weight 2442 kg | 2439 kg | 2431 kg -0.11 -0.43 -0.32
Fuel volume 30371 3034 { 3024 [ -0.11 -0.43 -0.32
CO, emission 7692 kg | 7684 kg | 7659 kg -0.11 -0.43 -0.32

6.1.4. Baseline results validation

To validate the baseline results, the original airfoil results from the previous section are compared to
values found in literature, presented in Table 6.6 and Table 6.7. The vertical tail lift curve slope matches
relatively well for the Fokker F-28 Mk1000, however, the Airbus A320 has a larger error. A potential
explanation is discussed in section 5.2, where it is argued that the Fokker / Obert data [14] might
underestimate the vertical tail lift curve for non-Fokker aircraft. However, it could be that the Fokker /
Obert data is based on other airfoil shapes, as this data is not available. The vertical tail weight matches
quite well within a 7% error for both aircraft. The full aircraft drag coefficients match better for the Fokker
F-28 Mk1000 than for the Airbus A320. The full aircraft drag coefficient is calculated with the cruise
L/ D from literature and the lift coefficient for mid-cruise weight, which might not be fully representative.
Also, the drag coefficient from literature for the A320 is taken at the design lift coefficient of the Boeing
737, as Obert [14] states their similarity, however, whether the design lift coefficient is also similar, is
uncertain. The fuel weight does not match literature very well. The fuel weight is a direct result of
the drag coefficient. Therefore, a relatively large error for the Airbus A320 is expected, but not for the
Fokker F-28 Mk1000 as its drag coefficient is close to literature. This implies that there must be another
reason for the discrepancy in fuel weight. The TSFC of the engine could be underestimated. Another
explanation is that the fuel weight is calculated for cruise conditions only, whilst take-off, landing, loiter,
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etc., are not accounted for. Incorporating these would result in a value closer to literature.

Table 6.6: Validation original Airbus A320 in cruise. Calculated values from Table 6.4. Note: ¢, ; states error a relative to b.

Calculated Literature Ccalelit | gource
(calc) (lit) (%]

(CL.), 0.0444 deg™" | M dcg—' | I | [14] CONFIDENTIAL

Vertical 494 kg 463 kg -6.68 | Figure 42.25 [17]

tailplane

weight

C, 0.0363 0.0306 -18.64 | Figure 24.123, at C';,,, = 0.5 (assumed
same as Boeing 737) at cruise Mach [17]

Fuel 8311 kg 13000 kg 36.07 | MTOW — MZFW (WV000) [80]

weight

Table 6.7: Validation original Fokker F-28 Mk1000 in cruise. Calculated values from Table 6.5. Note: ¢, ; states error a relative

tob.
Calculated Literature Ccalelit | gource

(calc) (lit) (%]
(Cr.), 0.0305deg™' | I deg—' | I | [14] CONFIDENTIAL
Vertical 332 kg 322 kg -3.18 | Figure 42.26 (Fokker F-28 Mk4000) [17]
tailplane
weight
C, 0.0261 0.0248 -5.14 | Figure 24.142, at Cr,,, = 0.23 at cruise

Mach [17]

Fuel 2442 kg 4560 kg 46.45 | MTOW — MZFW (original maximum
weight weights Fokker F-28 Mk 1000) [81]

6.2. Sensitivity analysis

There are two sensitivity analyses performed as described in section 4.8, namely sweep angle variation
and surface area scaling. The details specific to each of the sensitivity analyses are discussed in their
respective chapters, section 6.3 and section 6.4. The common denominator is that both analyses
(similar to the baseline results) will evaluate each of the three vertical tail configurations as described
in section 6.1. By analyzing these three configurations the effect of changing the original airfoil to the
M3J airfoil can be observed, as well as the effect of the hump. Note when no difference is observed
between the original, M3J clean, and M3J hump configuration, the results will only be shown once
and be denoted with ’all configurations’. The configurations will be evaluated for cruise conditions as
described in Table H.5 and Table H.6. Both analyses will follow the same structure. First, the effect
on the vertical tailplane aerodynamics will be assessed. Second, the effect on the stability coefficients
is discussed and the critical design requirements, based on CS-25 for Large Aeroplanes by EASA,
are checked for each vertical tailplane configuration. This is followed by the effect on the full aircraft
aerodynamics. Finally, the changes in weight and fuel consumption are presented.

6.3. Sensitivity analysis: sweep variation

For the first sensitivity analysis, the quarter-chord sweep angle is the main sensitivity variable. Why this
is chosen and how it is implemented can be found in section 4.8. The variation range lies between 30
and 60 degrees with 5-degree increments. This range was chosen based on the most common design
ranges for vertical tailplanes, as shown in Table 2.1. The effect of the sweep angle variation on the
planform shapes of the two baseline aircraft is shown in Figure 6.1. Note that the mean aerodynamic
quarter-chord is kept constant as this is assumed to coincide with the aerodynamic center and therefore
the rolling- and yawing moment arms will stay constant. Also, note how the horizontal tailplane mounting
location shifts along with the changed geometry, keeping the vertical-horizontal tailplane interaction the
same.
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Planform

------------- Quarter-chord sweepline

— — — - Constant longitudinal position

Mean aerodynamic quarter-chord

(~ aerodynamic center)

X Horizontal tailplane quarter-rootchord
B Quarter-chord sweep = 30 deg

B Quarter-chord sweep = 35 deg
|

Quarter-chord sweep = 40 deg
Quarter-chord sweep = 45 deg
Quarter-chord sweep = 50 deg
Quarter-chord sweep = 55 deg
B Quarter-chord sweep = 60 deg

Figure 6.1: Sweep variation Airbus A320 (top) and Fokker F-28 Mk1000 (bottom).

6.3.1. Effect on vertical tailplane aerodynamics

As vertical tailplane geometry changes with sweep angle, the main aerodynamic characteristics that
change are the vertical tailplane lift curve slope, (Cr,,) ,, and vertical tailplane drag coefficient, (C,) .
Note that the latter is evaluated at zero angle of attack, which essentially means non-sideslipping flight,
as in cruise conditions no sideslip is assumed.

The effect of sweep variation on the vertical tail lift curve slope is shown in Figure 6.2. The lift curve
slope reduces for increasing sweep angle, which is expected as the increased sweep angle the local
Mach number reduced, which reduces the amount of lift generated. What stands out for the lift curve
slope is there is no difference observed between the original, M3J clean, and M3J hump configuration,
which is reflected by the stability coefficients staying constant in subsection 6.1.1. Thus the vertical
tail lift curve slope is not affected by the hump. Comparing the two aircraft, the Airbus A320 is more
dependent on sweep angle than the Fokker F-28 Mk1000. This is most likely the result of differences
in taper-, aspect ratio, and/or cruise speed.

The vertical tail drag coefficient does change with the original, M3J clean and M3J hump config-
uration as seen in Figure 6.4 and Figure 6.5. It can be seen that going from the original to the M3J
airfoil reduces the drag significantly, which is expected. Also, the relationship between sweep angle
and vertical tailplane drag coefficient changes from linear to exponential. Moving from clean to hump
configuration creates an additional drag coefficient reduction. The vertical tailplane drag coefficient re-
duction due to the hump is also expressed as a percentage, where only M3J clean and M3J hump are
compared to show the effect of the hump, shown in Figure 6.3. This shows that the hump reduces the
vertical tail drag coefficient by at least 5.79%, and even up to 11.31%. In the simulated range, the hump
is most effective at lower sweep angles. However, keep in mind that since the hump attenuates the
growth of the CFl, it requires a condition where CFl is the dominant transition mechanism to be effective.
Generally, CFI dominate when the wing sweep is greater than 30-35 deg [12]. These results are based
on a shift in transition location due to the hump and it is assumed that the CFI dominate for all sweep
angles. In Figure 6.3, the sweep angle has an exponential relationship with the drag-reducing effect
of the hump. The dependency on sweep for the effectiveness of the hump is more pronounced for the
Fokker F-28 Mk1000, compared to the Airbus A320. This is again most likely the result of differences
in taper-, aspect ratio, and/or cruise speed. The Fokker F-28 Mk1000 has less taper and is therefore
closer to the spanwise invariant assumption of the boundary layer solver in terms of taper. The minima
lie around 45 and 50 deg sweep, for the Fokker F-28 Mk1000 and Airbus A320, respectively, which
coincides with the sweep angle where the CFI are at their maximum (45 deg sweep) [75].
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Main takeaways:
« Vertical tail lift curve slope is not affected by the hump.

» Effect of the hump on vertical tail drag coefficient has an exponential relationship with sweep
angle.

* In the simulated range, the hump is most effective at the lowest sweep angle (30 deg).

» Overall lower sweep angles are beneficial (for the M3J wing) since low drag and a high lift curve
slope are desired. Moreover, at lower sweep angles the hump is more effective.
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6.3.2. Effect on stability coefficients

The effect of sweep on the stability coefficients (due to sideslip) is shown in Figure 6.6, Figure 6.7, and
Figure 6.8. As sweep increases, the stability coefficients reduce (get closer to the stability boundary).
This dependency on sweep is expected as stability coefficients are directly related to the vertical tail
lift curve slope. As the vertical tail lift curve slope changes, the vertical tail component of the stability
coefficient changes and therefore also the stability coefficient. Similarly for the effect of the hump, as
the hump does not affect the vertical tail lift curve slope, it also does not affect the stability coefficients.
This is desired, as this would imply that the hump can be retrofitted on an existing aircraft without
compromising the aircraft’s stability. Comparing the aircraft types, the Airbus A320 has a larger margin
to the stability boundary. This can mean that either this larger margin is desired, i.e. a larger restoring
response in terms of static stability, but it can also be interpreted that there is more room for a redesign
of the vertical tail. The latter is a realistic option when comparing the Airbus A320 to the original Fokker
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F-28 Mk1000, where even the lowest stability coefficients of the Airbus A320 (at 60 deg) are equal to or
larger than the stability coefficients of the original Fokker F-28 Mk1000. This implies that the stability
coefficients of the Airbus A320 could be significantly lowered. Moreover, based on the takeaways of
the previous section, where less sweep is better (for the M3J and hump), the stability coefficients would
increase, creating even more room for a redesign.

Regarding the critical design requirements, it was found that both aircraft meet all critical design
requirements for all sweep angles, except the full rudder sideslip stall requirement. Therefore, the full
rudder sideslip angle for varying sweep angles is plotted in combination with the maximum stall angle of
attack in Figure 6.9. This figure shows that the Airbus A320 only meets the requirement for sweep an-
gles of 45 deg and higher, but the remaining sweep angles are very close. For the Fokker F-28 Mk1000
the full rudder sideslip is consistently around 5 deg above the maximum stall angle. Nevertheless, this
is most likely still sufficient for the same reasoning as provided in subsection 6.1.2, as the dorsal fin
and other interference effects are not taken into account.

Main takeaways:
» Lower sweep increases the margin with stability boundary.
» The hump does not affect the stability coefficients.

« All critical design requirements are met for the range of sweep angles, except the full rudder
sideslip stall requirement, but is still deemed sufficient.
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6.3.3. Effect on full aircraft aerodynamics

The effect of sweep on the full aircraft drag coefficient, seen in Figure 6.10 and Figure 6.11, follows
the same trends as for the vertical tailplane drag coefficient since the only drag reduction is that of the
vertical tailplane. Going from the original airfoil to the M3J changes the relationship of sweep angle
with drag coefficient from linear to exponential and reduces the drag. The hump induces an added drag
reduction. This drag reduction due to hump is relatively small, as shown in Figure 6.12, because vertical
tailplane drag is a very small part of total drag. The overall relationship is still the same, the effect of the
hump on the drag coefficient with sweep angle is exponential and the hump is more effective at lower
sweep for the given range. At the sweep angle of 30 deg a maximum drag reduction due to the hump of
0.41% is achieved. However, lowering the vertical tailplane sweep angle has less of an impact on the
full aircraft drag reduction compared to the vertical tailplane drag reduction (seen before in Figure 6.3)
due to the relatively small contribution of the vertical tailplane drag to the full aircraft drag. This is best
seen for the Airbus A320, where the drag reduction curve almost seems constant at around 0.16%.
Thus on vertical tailplane drag sweep angle has a large impact, but on full aircraft drag, the vertical
tailplane sweep angle is less important. The difference in drag reduction due to the hump between the
Airbus A320 and Fokker F-28 Mk1000 is again most likely due to the difference in taper-, aspect ratio,
and/or cruise speed.
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Figure 6.12: Airbus A320 and Fokker F-28 Mk1000, C', reduction due to hump vs. sweep

The change in drag coefficient also affects other aerodynamic characteristics such as the lift-to-drag
ratio. The lift-to-drag ratio is also only slightly increased due to the small overall drag reduction and
shows the same behavior as the drag coefficient curves but inverted for obvious reasons. The increase
in lift-to-drag-ratio due to the hump is therefore also equivalent in magnitude to the drag coefficient
reduction in Figure 6.12. For reference, the figures for lift-to-drag ratio are added to section J.1.
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Main takeaways:

» For the given range, the hump is most effective at reducing the drag coefficient at the lowest
sweep angle (30 deg).

» The effectiveness of the hump on the overall drag coefficient is less affected by the vertical
tailplane sweep angle due to the relatively small contribution of the vertical tailplane drag to the
full aircraft.

» Overall lower sweep angles are beneficial (for the M3J wing) since this produces the least drag
and highest lift-to-drag ratio as well as the hump being most effective.

6.3.4. Effect on weight and fuel consumption

The effect of sweep on vertical tailplane weight is shown in Figure 6.13. Weight increases for increasing
sweep angle as it requires more material to make a wing of equal span with more sweep. Torenbeek
(see Equation 4.1) is used to calculate the vertical tail weight, which uses planform geometry and
design dive speed and is therefore independent of airfoil shape. Technically the weight of the vertical
tailplane would also be dependent on airfoil, but that is negligible. Next to airfoil shape is the vertical
tailplane weight also independent of the hump, as the change in aerodynamics does not affect the
weight, assuming the structure can handle the different aerodynamic loads. The weight of the hump
itself can also be neglected. Of course, when the hump is implemented on aircraft on a commercial
scale the material might change from what is used in the wind tunnel tests. This then may change the
current assumption of neglecting the hump’s weight.
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The fuel weight is based on the range equation (Equation 4.5) at the harmonic range, which incorpo-
rates the change in weight of the vertical tailplane and the full aircraft drag coefficient from the previous
section. The latter is incorporated through the lift-to-drag ratio. The relationship between sweep angle
and fuel weight, seen in Figure 6.15 and Figure 6.16, are very similar to the drag coefficient curves,
however at sweep angles above 40-45 deg the effect of the vertical tailplane weight starts showing,
increasing the fuel weight. This results in that the fuel weight is lowest for the lowest vertical tail sweep
angle. Isolating the effect of the hump in Figure 6.14 shows that the hump is most effective at low
sweep angles in terms of fuel reduction. The curves have the same shape as what is observed for the
drag reduction, but the curves are slightly lower in magnitude. For the Airbus A320 the maximum fuel
reduction is 0.17% and for the Fokker F-28 Mk1000 is 0.39%, both at 30 deg sweep.

Fuel volume and CO, emission are directly related to the fuel weight, both obtained by a simple
conversion for Jet-A1 fuel and a fuel conversion factor, respectively. Therefore these both show the
same curves as the fuel weight, but at their respective magnitudes, which are added to section J.1 as
reference. Overall the fuel- and CO, emission reduction is modest since the vertical tail is a relatively
small component. Still, the hump is useful as it is a cheap and easy way to reduce fuel and can be
retrofitted, and (almost) no weight penalty for the hump itself. Moreover, on fleet level this small impact
can become significant.

Main takeaways:
» Low sweep angles result in the lightest vertical tailplane.
» The vertical tailplane weight is not affected by the hump.
» Low sweep angles result in lower fuel weight.
» The hump is most effective in reducing fuel weight at lower sweep angles.
» Modest fuel reduction obtained due to the hump, but potentially significant on fleet level.

6.4. Sensitivity analysis: surface area variation

For the second sensitivity analysis, the surface area is the main sensitivity variable. This is varied
by scaling the surface area. Why this variable is chosen and how it is implemented can be found in
section 4.8. The variation range lies between 0.5 and 1.2 with 0.1-sized increments. This range is
selected to see both the effect of a reduced as well as an enlarged tail. The changes to the geometry
due to surface area scaling are visualized in Figure 6.17 for the planform shapes of the two baseline
aircraft. Note that the mean aerodynamic quarter-chord is kept at a constant longitudinal position as this
is assumed to coincide with the aerodynamic center and therefore the yawing moment arms will stay
constant. In contrast to the sweep variation, the rolling moment arm will change here. Also, note how
the horizontal tailplane mounting location stays relatively constant for the Airbus A320 (conventional
tail), whilst it shifts along with the changed geometry for the Fokker F-28 Mk1000 (T-tail).
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Figure 6.17: Surface area Airbus A320 (left) and Fokker F-28 Mk1000 (right).

6.4.1. Effect on vertical tailplane aerodynamics
As vertical tailplane geometry changes due to scaling the surface area, the main aerodynamic char-
acteristics that change are the vertical tailplane lift curve slope, (CLa)v’ and vertical tailplane drag



6.4. Sensitivity analysis: surface area variation 94

coefficient, (C,,) . Note that the latter is again evaluated at zero angle of attack, which essentially
means non-sideslipping flight, as in cruise conditions no sideslip is assumed.

The effect of surface scaling on the vertical tail lift curve slope is shown in Figure 6.18. As the vertical
tailplane planform is only scaled and the other characteristics (sweep, taper- and aspect ratio) stay
constant, the vertical tailplane lift curve slope also stays constant. No difference is observed between
the original, M3J clean and M3J hump configuration, which is reflected by the stability coefficients
staying constant in subsection 6.1.1. This also shows that the hump does not affect the vertical tailplane
lift curve slope as established before.
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In contrast to the lift curve slope, the vertical tailplane drag coefficient is affected by surface scaling,
in Figure 6.20 and Figure 6.21. The original airfoil has a linear reducing vertical tailplane drag coefficient
for increasing surface area. The increased surface area increases the local chords at each airfoil
section and thus also the local Reynolds number. Comparing to experimental data for the NACA 4-
digit airfoils [82] it is found that indeed the drag coefficient (at zero angle of attack) reduces slightly with
increasing Reynolds number. Most likely due to an increased resistance to separation. In contrast,
the M3J airfoil has the opposite relation with increasing surface area. This is reflected by Figure 5.19
where with increasing Reynolds number the transition location moves upstream increasing drag. A
drag reduction is established by the hump. The drag coefficient reduction due to the hump is also
expressed as a percentage shown in Figure 6.19. The smaller the surface area the higher the relative
impact of the hump, where the maximum drag reduction is 7.04% for the Airbus A320 and 10.41%
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for the Fokker F-28 Mk1000 and at its minimum still 6.14% and 7.12%, respectively. Comparing both
aircraft, the Fokker F-28 Mk1000 seems to be more dependent on a change in surface area in terms of
the hump effectiveness than the Airbus A320, as it has a higher gradient. This is most likely the result
of differences in taper-, aspect ratio, and/or cruise speed. The Fokker F-28 Mk1000 has less taper
and is therefore closer to the spanwise invariant assumption of the boundary layer solver in terms of
taper. Also, the hump effectiveness is higher for all surface scaling of the Fokker F-28 Mk1000. This is
probably the result of the Fokker F-28 Mk1000 having 40 deg sweep, which is closer to the maximum
CFIl at 45 deg [75], than the Airbus A320 with 35 deg sweep. The drag coefficient reduction curve for
Airbus A320 flattens towards lower scaling factors. This is the result of reaching the laminar separation
point, i.e. the laminar flow maximum for the M3J airfoil as visualized in Figure G.8.

Main takeaways:
» The vertical tailplane lift curve slope is not affected by surface area change.
» The hump does not affect the vertical tailplane lift curve slope.
» Smaller surface area results in a lower vertical tailplane drag coefficient (for the M3J airfoil).
» Smaller surface area makes the hump more effective in terms of vertical tailplane drag coefficient
reduction.

6.4.2. Effect on stability coefficients

The effect of surface scaling on the stability coefficients (due to sideslip) is shown in Figure 6.22, Fig-
ure 6.23, and Figure 6.24. All three stability coefficients are linearly affected by surface area. As the
surface area increases, the stability coefficients reduce and get closer to the stability boundary. The
dependency on surface area is expected as stability coefficients are directly related to the vertical tail
surface area. As the vertical tail surface area changes, the vertical tail component of the stability co-
efficient changes and therefore also the stability coefficient. Note that this is different than the sweep
variation, where the vertical tailplane lift curve slope is the driving factor behind the change in stability
coefficients. The hump does not affect the stability coefficients, which is expected as the aerodynamic
effect would be passed down by the lift curve slope, which is also not affected by the hump. This is de-
sired, as this would imply that the hump can be retrofitted on an existing aircraft without compromising
the aircraft’s stability. Comparing both aircraft, the Airbus A320 again has a larger margin to the stabil-
ity boundary. This can mean that either this larger margin is desired, i.e. a larger restoring response
in terms of static stability, or that there is more room for a redesign. When halving the surface area
of the Airbus A320 vertical tail, the CyL3 and Clﬁ are still as high as the original Fokker F-28 Mk1000
coefficients. The limiting coefficient for the Airbus A320 is the Ch,, which has the steepest gradient
and therefore most responsive to a change in surface area.

All critical design requirements for all surface area scaling are met for both aircraft, except the full
rudder sideslip stall requirement. Figure 6.25 shows the full rudder sideslip angle for varying sweep
angles in combination with the maximum stall angle of attack. For the Airbus A320, only the surface
scaling of 0.5 meets the requirement, but the remaining surface scalings are very close. For the Fokker
F-28 Mk1000, the full rudder sideslip decreases for increasing surface scaling but never reaches the
stall angle limit in the given range. For the same reasoning as provided in subsection 6.1.2, most of the
surface scaling would still pass the requirement, as the dorsal fin and other interference effects are not
taken into account. Only the lower surface scalings for the Fokker F-28 Mk1000 are potentially too far
over the maximum stall limit, but a more elaborate stall angle estimation is required to determine this.

Main takeaways:
» A smaller vertical tailplane surface area decreases static stability linearly, where Cnﬁ is the most
responsive to surface scaling and therefore limiting.
» The hump does not affect the stability coefficients.
+ All critical design requirements are met for the range of surface areas, except the full rudder
sideslip stall requirement. Especially the lower surface scalings for Fokker F-28 Mk1000 are
potentially over the limit, but an improved stall angle estimation is required.

6.4.3. Effect on full aircraft aerodynamics
The effect of surface scaling on the full aircraft drag coefficient is seen in Figure 6.26 and Figure 6.27.
The drag coefficient increases linearly with increasing surface area. In the case of the original airfoil this
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is the opposite trend from what was seen for the vertical tail drag coefficient. For the M3J airfoil (clean
and hump) the gradient becomes positive compared to the vertical tail drag coefficient. The reason
for this is that the vertical tailplane drag coefficient is normalized with the vertical tailplane surface
area, whilst the total drag coefficient is normalized with the wing surface area. The former changes for
each surface scaling, whilst the latter stays constant. Looking at Figure 6.28 a similar effect is seen
for the drag coefficient reduction, where the (almost) linear relationship changes to a positive gradient
compared to the vertical tailplane drag coefficient reduction (seen in Figure 6.19). However, here it is
due to the combined effect of the surface area normalization and the relative magnitude of the vertical
tailplane drag coefficient compared to the full aircraft drag coefficient. The full aircraft drag coefficient
reduction due to the hump now has become more effective for larger surface areas. Comparing both
aircraft, the Fokker F-28 Mk1000 is still more reactive to a change in surface area with its steeper
gradient compared to the Airbus A320, most likely due to the difference in taper-, aspect ratio, and/or
cruise speed. The maximum drag coefficient reduction for this range is found to be 0.37% and 0.20%
and the minimum 0.19% and 0.09% for the Fokker F-28 Mk1000 and Airbus A320, respectively.

Again the lift-to-drag ratio is shown for reference in section J.2, showing the same, but inverted,
behavior as the drag coefficient curves. The increase in lift-to-drag ratio due to the hump is therefore
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also equivalent in magnitude to the drag coefficient reduction in Figure 6.28.

Main takeaways:
» The full aircraft drag coefficient increases with increasing vertical tailplane surface area.
» The hump is more effective in reducing the full aircraft drag coefficient for larger surface areas.
 The lift-to-drag ratio increases for reducing surface area.

» For the least drag and high lift-to-drag ratio, a smaller vertical tailplane is preferred, however, the
hump effectiveness will be reduced.
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6.4.4. Effect on weight and fuel consumption

The effect of surface area scaling on vertical tailplane weight is shown in Figure 6.29. The weight
increases linearly with increasing surface area, as expected. As discussed in subsection 6.3.4, the
vertical tail weight is independent of airfoil shape as well as the hump due to the nature of the weight
estimate by Torenbeek (see Equation 4.1). The weight of the hump itself can also be neglected.

The fuel weight for surface area scaling is visualized in Figure 6.31 and Figure 6.32, where through
the range equation (Equation 4.5), the change in vertical tailplane weight and the full aircraft drag co-
efficient from the previous section are incorporated. The fuel weight increases linearly with increasing
surface area. The effect of the hump on fuel weight reduction in Figure 6.30 shows increasing effective-
ness for larger surface areas, which has the same shape as Figure 6.28 at a slightly lower magnitude.
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Thus the Fokker F-28 Mk1000 is also here more responsive to the change in surface area compared
to the Airbus A320. For the given range, the fuel reduction varies between 0.18% and 0.35% for the
Fokker F-28 Mk1000 and between 0.08% and 0.19% for the Airbus A320. The smallest surface area
is preferred for the lowest drag coefficient, but the effectiveness of the hump is lowest at this point.

The fuel volume and C'O, emission curves are again added to section J.2 for reference. These
have the same relation to surface area as the fuel weight but at their respective magnitudes. A similar
conclusion as drawn for the sweep sensitivity analysis can be drawn here for surface area scaling.
Even though the overall fuel- and CO, emission reduction due to the hump is modest, on fleet level
this is still considerable.

Main takeaways:
» The smaller the surface area, the lighter the vertical tailplane is.
» A smaller surface area results in less fuel weight.
» For fuel reduction the hump effectiveness increases for increasing vertical tailplane surface area.

» The smallest surface area is preferred for the lowest fuel consumption, but the effectiveness of
the hump is lowest at this point.
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Figure 6.29: Airbus A320 and Fokker F-28 Mk1000, Vertical
tailplane weight vs. surface area
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Figure 6.31: Airbus A320, Fuel weight vs. surface area
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Figure 6.30: Airbus A320 and Fokker F-28 Mk1000, Fuel
reduction due to hump vs. surface area
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Conclusion and discussion

The objective of this research was to investigate the implementation of the Delft Laminar Hump on a
vertical stabilizer by answering the following research question: What is the impact of the Delft Laminar
Hump, implemented on the vertical stabilizer, on conceptual subsonic transport aircraft design and per-
formance in terms of weight and drag?. To answer this question, this research implements the DeLaH
on the vertical stabilizer of subsonic transport aircraft by modeling the effect of the hump as a shift in
transition location. By using a Quasi-3D aerodynamic analysis by Mariens [61] in combination with a
transition location database, constructed with a boundary layer solver and stability analysis developed
by the Group of Flow Control and Stability within the Delft University of Technology, the effect of the
hump on the lift and drag coefficient of the vertical stabilizer is analyzed. To evaluate these aerody-
namic changes on the full aircraft directional and lateral stability a stability analysis based on a method
by Fokker / Obert [14] is performed and checked against the CS-25 for Large Aeroplanes regulations
by EASA [25]. To evaluate the effect of the hump on weight and fuel consumption, additional weight,
drag, and mission analyses are performed. In addition to, retrofitting the hump on an existing vertical
stabilizer, a sensitivity analysis is used to see how the hump effectiveness changes when the geometry
of the vertical tailplane changes, showing the potential of a redesign of the vertical tailplane to enhance
the hump effectiveness. The main conclusions from this analysis are presented in section 7.1, and sub-
sequently points of discussion and suggestions to improve and/or continue this research are discussed
in section 7.2.

7.1. Conclusion

In this research, it was found that the DeLaH on the vertical stabilizer of a subsonic transport aircraft
does not affect the vertical tailplane lift curve slope. This is desirable since this means that a retrofit of
the hump will not affect the stability of the aircraft. In contrast, the vertical tailplane drag coefficient is
reduced by the hump. As a baseline, the Airbus A320 and the Fokker F-28 Mk1000 were evaluated,
since they are considered to be representative of the two most common tail configurations, namely a
conventional tail with a fuselage-mounted stabilizer and a T-tail. Retrofitting the hump on the vertical
stabilizer of these aircraft results in a reduction of the vertical tailplane drag coefficient of 6.73% and
8.72% for the Airbus A320 and Fokker F-28 Mk1000, respectively. Translating this vertical tail drag
coefficient reduction to the full aircraft drag coefficient a reduction of 0.17% and 0.34% was found for
the baseline aircraft. Evaluating the harmonic range, an fuel reduction due to the hump of 0.16% and
0.32% is established. The aircraft weight is reduced by the same percentage through the fuel reduction,
as it is assumed that the added weight due to the hump itself is negligible. From these results, it can
be concluded that the DelLaH has a significant drag-reducing effect on the overall aircraft, whilst not
affecting the aircraft’s stability. Even though the fuel savings for an individual aircraft are not very large,
on a fleet level this would be significant. The hump can be retrofitted on existing aircraft by simply
gluing it on the outer skin, making it a relatively simple and cheap way to improve efficiency for aircraft
manufacturers.

Additionally, two sensitivity analyses are performed, namely, sweep angle variation and surface
area scaling. By varying the quarter-chord sweep angle (30 to 60 degrees in 5-degree increments)
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and scaling the surface area (scaling factor 0.5 to 1.2 in 0.1-sized increments), the effectiveness of the
hump for different vertical tailplane geometries is analyzed.

The following conclusions can be drawn for the effect of sweep variation on the hump:

The vertical tailplane lift curve slope is not affected by the hump regardless of the sweep angle.
The effect of the hump on the vertical tail drag coefficient has an exponential relationship with
sweep angle.

In the simulated range, the hump is most effective in reducing the vertical tailplane drag coefficient
at the lowest sweep angle of 30 deg (up to 11.31%).

The hump does not affect the stability coefficients, thus not affecting the critical design require-
ments based on CS-25 for Large Aeroplanes by EASA [25] for the simulated range of sweep
angles.

Effectiveness of the hump on the full aircraft drag coefficient is less affected by sweep angle
compared to the vertical tailplane drag coefficient due to the relatively small contribution of the
vertical tailplane drag to the full aircraft.

For the simulated range, the hump is most effective in reducing the full aircraft drag coefficient at
the lowest sweep angle of 30 deg (up to 0.41%).

Since the weight of the hump itself is negligible, the vertical tailplane weight is not affected by the
hump. Regardless of the hump, lower sweep angles result in lighter vertical tailplanes.

The fuel reduction is the result of the combined effect of the reduction in drag and vertical tailplane
weight. Therefore, the hump is most effective in reducing fuel weight at lower sweep angles.
Overall, lower sweep angles are beneficial as the hump is most effective. In addition, regardless
of the hump, lower sweep angles result in lower drag (for the M3J airfoil), reduced vertical tailplane
weight, less fuel weight as well as an increased stability margin.

Analyzing the effect of surface area scaling on the hump resulted in the following findings:

The hump has no effect on the vertical tailplane lift curve slope regardless of surface scaling.

Smaller surface area makes the hump more effective in terms of vertical tailplane drag coefficient
reduction. However, this is the result of the vertical tailplane drag coefficient being normalized by
the respective vertical tailplane surface it is evaluated for (changes for each surface scaling) and
therefore not indicative of the hump’s effect on the full aircraft.

The hump does not affect the stability coefficients, thus not affecting the critical design require-
ments based on CS-25 for Large Aeroplanes by EASA [25] for the simulated range of surface
area scaling factors.

In contrast to the vertical tailplane drag coefficient, for the full aircraft drag coefficient the hump
effectiveness increases linearly for increasing surface area.

Since the weight of the hump itself is negligible, the vertical tailplane weight is not affected by the
hump. Smaller surface areas result in lighter vertical tailplanes (regardless of the hump).

The hump becomes more effective in reducing fuel weight for increasing surface area, again
because the fuel reduction is the result of the combined effect of the reduction in drag and vertical
tailplane weight.

Overall, there will be an optimal vertical tailplane surface area, since the hump effectiveness
increases for increasing surface area, whilst for the full aircraft drag, vertical tailplane weight, and
thus fuel weight, a smaller surface area is preferred. The stability margin becomes the limiting
factor as a minimum surface area is required for sufficient stability.

Comparing the baseline aircraft, the hump is more effective for the Fokker F-28 Mk1000 over the
entire range of scaling factors and sweep angles compared to the Airbus A320. As the drag coefficient is
not corrected for endplate effects, the difference in horizontal tailplane mounting location (conventional
vs. T-tail) cannot be the reason for this difference. This leads to the suspicion that, next to the sweep
angle of the Fokker F-28 Mk1000 being closer to the sweep angle of the CFlI maximum, taper- and
aspect ratio, and cruise speed play an important role in the effectiveness of the hump, but more research
is required.
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7.2. Discussion and future work

In continuation of the conclusions in the previous section, several suggestions for new research are
formulated as well as parts that may be improved. They are grouped per subject.

Prerequisites and assumptions for the DeLaH

For the hump to be effective, laminar flow is required as it delays transition. However, at the root of
the vertical tailplane, the flow is affected by the fuselage (and potentially a dorsal fin), which makes
the flow turbulent, making the hump useless in that area. A similar problem occurs near the horizontal
tailplane, where due to interference the flow is most likely not laminar in that area. This would reduce the
overall effectiveness of the hump on the vertical tailplane and the results in this research are therefore
overestimating the drag and fuel reduction. In addition to this, to ensure laminar flow, in the wind tunnel
test of the hump, the NLF airfoil M3J was used. Generally, aircraft do not use NLF airfoil for the vertical
tailplane, thus making a direct retrofit of the hump difficult, diminishing the hump’s potential slightly.

Since the hump has only been tested at low subsonic Mach numbers, it is yet unknown whether at
cruise Mach numbers the pressure gradient change-over along the hump will cause a shock wave. In
addition, the hump has only been tested on the pressure side of the wing. It has not been tested whether
the hump works on the suction side or even has detrimental effects in terms of lift (side force) and drag.
It would make sense to install the hump on either side of the vertical tail, as it uses a symmetrical airfoil
shape. This is important since the vertical tail should be able to deal with both positive well as negative
sideslip angles. To establish whether the hump works on the suction side as well as whether the hump
causes a shock, dedicated wind tunnel experiments, flight tests, and/or CFD simulations are necessary.

Aerodynamic analysis

Q3D, which is used to assess the vertical tailplane aerodynamics, has several limitations, which could
have an impact on the results. According to Mariens [61], Q3D over-predicts the lift coefficient and Q3D
under-predicts the drag coefficient. The over-prediction of the lift coefficient would result in an over-
prediction of the vertical tailplane lift curve slope used in the vertical tailplane stability coefficients. In
other words, the vertical tailplane effectiveness in stabilizing the aircraft is over-estimated, and therefore
one should be cautious for cases in the sensitivity analysis where the stability coefficients get closer to
the stability boundary because the stability margin is most likely smaller than calculated. The under-
predicts the drag coefficient especially occurs at lower angles of attack. In this research, the vertical
tailplane drag coefficient at zero angle of attack is of importance as this resembles cruise conditions. In
the validation of Q3D by Mariens [61] the order of magnitude of under-prediction of the drag coefficient
at zero angle of attack lies around 1%. For this research, this would mean that the vertical tailplane
drag coefficient is underestimated. However, this might be more nuanced. As the vertical tailplane is
symmetric, at zero angle of attack the drag coefficients only consist of profile drag, which can be split
into its respective components, skin friction drag and pressure drag. The earlier mentioned 1% under-
prediction of drag is the combined effect of an under-estimation of skin friction drag and over-estimated
pressure drag. The under-prediction of the skin friction drag can be explained by the overestimation
of the transition location calculated by XFoil according to Mariens [61]. In this research, however, the
transition location is set directly based on the boundary layer and stability solver results. This makes
the transition location more likely to be representative of the real world and therefore also the skin
friction drag closer to the actual value. This would mean that the 1% under-prediction of the overall
drag coefficient by Q3D is reduced in this research. More research would be required to verify this
reasoning. Nevertheless, the relative impact of the hump on the drag coefficient will still be valid.

For the boundary layer solver and stability analysis the flow is assumed to be incompressible, how-
ever in reality at cruise Mach numbers compressibility does play a role. More research is required to
see whether compressibility affects the results. Another assumption is that the constant value of AN
used to estimate Ny, is valid for all flight conditions. In reality the value of AN would vary for differ-
ent Reynolds numbers, angles of attack, and sweep angles. However, to find the actual AN value for
each flight condition many wind tunnel tests would be required, which is not feasible.

Stability analysis
In the stability analysis, the CG shift due to fuel and varying tail geometries (during the sensitivity
analysis) is not taken into account. Also, CG location taken at 25% wing mean aerodynamic chord
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(30% for Fokker aircraft) following the Fokker / Obert method [14]. In reality, the CG would shift during
flight and the most critical CG location would be the most aft location, which creates the shortest yawing
moment arm, making the vertical tail least effective. Therefore some margin must be taken for the
stability coefficient results and/or the CG shift should be added to the stability analysis.

Regarding critical design requirements, the full rudder sideslip stall requirement is not met by the
baseline aircraft. This could be the result of an underestimation of the stall angle by neglecting the
dorsal fin and other interference effects. Therefore an improved stall estimation would be useful.

Vertical tailplane geometry and DeLaH

As mentioned in the conclusion, it is suspected that taper- and aspect ratio, and cruise speed play an
important role in the effectiveness of the hump. Additional sensitivity analyses for these variables could
be performed to determine the main driving factor behind the effectiveness of the hump. Other, more
complex, variables that could be investigated are for instance the vertical position of the horizontal
tail or rudder size. One other thing that would also be interesting to analyze is other airfoil shapes,
different from the M3J airfoil used in the wind tunnel test with the hump. Do note that the hump has the
prerequisite that a NLF airfoil is used.

Another option, at a secondary stage, would be to redesign/resize the vertical tail once the hump is
installed. This can of course be done with an optimizer, iterating to obtain a smaller and more efficient
tailplane as shown in Figure 7.1. This can also be integrated into existing aircraft design tools such
as the Aircraft Design Initiator [83][84]. A disadvantage of this approach is that this provides only an
optimum for one specific aircraft and set of flight conditions. In addition, there are quite a lot of geometric
parameters to optimize for, making this very computationally intensive.

| Inpluts |—;

| Vertical tail sizing I—-»

A

Vertical tail
aerodynamics

Iterate for

No tail size
reduction

Stability analysis >
Critical design requirements met?

A

Yes

A 4

| Full aircraft analysis modules |

!

| Outputs |

Figure 7.1: lterative redesign of vertical tailplane added to the existing method.
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Table A.1: Comparison of stability analyses.

USAF DATCOM [2]

ESDU [1]

Fokker / Obert [14]

VeDSC [3]

Method - Semi-empirical method - Semi-empirical method - Semi-empirical method - Semi-empirical method
(uses DATCOM, ESDU, (uses ESDU)
and NACA TM D-6946)
Input - Vertical tail geometry - Vertical tail geometry - Vertical tail geometry - Vertical tail geometry
- Wing + fuselage geometry | - Wing + fuselage geometry - Wing + fuselage geometry - Wing + fuselage geometry
: (CLa )v : (OLa )v : (CLa )v : (CLa )V
- Location center of pressure
Output . Cyﬁ, Clﬁ, Cnﬁ . Cyﬁ, Clﬁ, Cnﬁ . Cyﬁ, Clﬁ, Cnﬁ . Cyﬁ, Czﬁ, C7L/3
Conditions - Subsonic speeds - Subsonic speeds (freestream) - Subsonic speeds - Subsonic speeds

- Low angles of attack
- Linear angle of attack range

- The flow over the configuration
is fully attached and wholly
subsonic.

- Small angles of attack

- Linear variation of the side
force, yawing moment and rolling
moment with the angle of sideslip

Configurations

- Horizontal tail must be
mounted to the body or
no horizontal tail

- No dorsal fins

- Single fin is located on top of
the aircraft rear-body, and in

the plane of symmetry.

- The shape of the fin is assumed
to approximate to a

trapezium.

- Bodies with circular or nearly-
circular cross-sections

- Small aspect ratios and close to
zero twist due to assumption of
constant induced sidewash

- Dorsal fins can be implemented

- Dorsal fins and endplate effects of
horizontal tailplane can be taken
into account

Remarks

- Build-up procedure

- Includes interference
effects of other vehicle
components

- Uses apparent-mass
concept to deal with side
wash and crossflow

- The predicted contributions
include allowances for
interference between the body,
wing, tailplane, and fin and
represent the effect of adding a
fin. In particular, the additional
load induced on the body by
the fin is taken into account

- Includes interference effects of

other vehicle components

- DATCOM and ESDU consider only
fuselage cross flow and the effect

of the vertical position of the wing

on the fuselage and of the wing
dihedral on this cross flow, all at

zero angle of attack. Fokker/E.Obert
considers also different contributions
to the cross-flow or sidewash at the tail

- Focus on turboprops

- Synthesis of hundreds
of numerical RANS
simulations involving
many different regional
turboprop transport
aircraft configurations
and validated through
wind tunnel tests
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B.2. Stability derivatives: Horizontal tail component
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B.3. Stability derivatives: Vertical tailplane lift curve slope
B.3.1. Effect of vertical tailplane geometry on vertical tailplane lift curve slope
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B.3.2. Effect of dorsal fin on vertical tailplane lift curve slope
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B.3.3. Endplate effect on vertical tailplane lift curve slope
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B.4. Stability derivatives: Sidewash

B.4.1. Effective-versus-free-stream dynamic pressure ratio and fuselage-vertical-
tailplane lift carry-over effect
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B.4.2. Effect of fuselage-vertical-tailplane interference on sidewash
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B.4.3. Effect of wing-fuselage interference on sidewash
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B.4.4. Effect of wing dihedral and sweep on sidewash
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B.4.5. Effect of wing flap deflection in landing position on sidewash
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B.4.6. Effect of engine nacelles on the wing on sidewash
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B.4.7. Effect of engine nacelles on the rear-fuselage on sidewash
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B.5. Control derivatives: Rudder
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B.6. Control derivatives: Aileron
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D.1. Boeing 757 - HLFC

In 1990 Boeing performed flight tests with a Boeing 757 with an HLFC system on the wing, shown in
Figure D.1. The HLFC system consists of a perforated titanium leading edge through which suction
can be applied. In addition, a Krueger flap is placed in front, visualized in Figure D.2. The Krueger flap
is of importance since it is not only there for high lift purposes, but it also houses the thermal anti-icing
system as well as being an insect shield [40][55][56][10]. This solves some major problems with HLFC
suction devices since they tend to clog due to insects and debris and do not have room for anti-icing
systems.

. — Smooth Joint Smooth Corrosion Protective Paint
Suction Surface Over Conventional Wing Structure
(Perforated Titanium)
Anti-fcing T T E T .

z’;’f j =
7 /7
‘l
Cruise Flap

Suction Flow Duct

Krueger Flap / Insect Shield

Figure D.2: Airfoil section with HLFC system and Krueger flap [56].

Figure D.1: Boeing 757 with HLFC system on
wing [10].

The actual suction system is seen in Figure D.3 shows that it consists of a perforated outer skin
and an inner panel sandwich, with stringers in between. The spaces in between the stringers form
the flutes (suction chambers). The flutes are connected with spanwise ducts to a pump providing
the suction [40][55][10]. Figure D.4 show the laminar and turbulent areas for a specific set of flight
conditions obtained with hot film sensors, which proves laminar flow is obtained over a large part of the
wing. In addition to hot-film sensors, pressure taps, wake survey probes, attachment line flow sensors,
and infrared transition detection systems were used to obtain data during flight tests. Based on this
data it was found that a local drag reduction of 29% could be obtained, which equates to a 6% overall
drag reduction of the aircraft [56].

Perforated outer skin Inner panel HLFC - A

suction panel

Hot-film indication

Stringer O Laminar
Colector (ref) @ Intermittent
Flute @ Turbulent
Spanwise ducts O O :
e r
A '»‘«""
0
60 /
65 70
Figure D.3: Suction system [55]. Figure D.4: Laminar and turbulent areas on wing at M=0.82,

altitude=38600 ft, and C1,=0.48 [10].
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D.2. Fokker 100 - Laminar flow glove

A passive NLF system was tested during the Fokker 100 flight tests in 1992 using a natural laminar flow
glove. The tests were part of the European Laminar Flow Investigation (ELFIN) project. The glove is
a NLF wing shape, constructed by fitting a composite (foam and glass fiber) layer around the existing
wing with fairings on either side, as shown in Figure D.5a, Figure D.5b, and Figure D.5c. The latter
figure also shows a carbon fiber heater mat to create a heat gradient, which was required to better
visualize the laminar and turbulent flow, when using infrared cameras [32]. The flight test conditions
were at a Reynolds number between 17 — 30 - 105 and a Mach number between 0.50 — 0.80 [59].

Carbon fibre heater mat

v |

s S A
e i/ e
waana

e S

: Glassfibre skin
-
- Hot film

Pressure pipe

(a) Fokker 100 with glove [87]. Wiring
Foam

wing

(c) Glove build-up [32].

(b) Glove location on Fokker 100 [32].

Figure D.6 shows the effect of the glove on the pressure distribution of the wing, creating a much
flatter pressure distribution and more gradual pressure gradient. This should enhance laminar flow,
however, during flight testing, it was found that the initial glove did not result in the expected transition
delay. The reason for this was surface imperfections (waviness), although being well within surface
quality requirements for commercial aircraft. A refinished glove was made and the transition delay was
increased by 10 to 15%, as seen in Figure D.7. Overall, it was concluded that for laminar flow wings to
be effective, they require proper NLF aerodynamic design, and a high surface quality [32][60].

Criginal wing Wing with glove

2
k3 —— ORIGINAL GLOVE
——— REFINISHED GLOVE

FLOW DIRECTION —_

Figure D.6: Pressure distribution of wing with Figure D.7: Transition location original and refinished glove [32].
and without glove [8].
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D.3. Airbus A320 - Hybrid laminar flow fin

A maijor effort was made to implement a HLFC suction system in the vertical stabilizer of an Airbus
A320, under the name of the A320 HLF fin project. Numerous flight tests and configurations have been
tested. Starting in 1998 with flight tests as part of the Laminar Technology (LATEC) program, which
was part of the Energy, Economy, Environment (3E) Technology Plan. At the same time, additional
tests were performed under the Hybrid Laminar Flow Demonstration on Aircraft (HYLDA) program
[44][57]. Later a simpler version of the suction system was developed and in 2018 more flight tests
were performed as part of Application of Hybrid Laminar Flow Technology on Transport Aircraft (ALTTA)
program [43][41][58][42]. For all images used in this section, the left images refer to the 1998 flight tests
and system, and the right images to the 2018 version. Figure D.8 and Figure D.9 show the respective
airplanes with the hybrid laminar flow fin installed, shown in more detail in Figure D.10 and Figure D.11.

i ‘wl“J,‘\M""?‘
[T I LT T T

Figure D.8: Airbus A320 with HLF fin during Figure D.9: Airbus A320 with HLF fin during 2018 flight tests [42].
1998 flight tests [8].

Figure D.11: Hybrid laminar flow fin during 2018 flight tests [42].
Figure D.10: Hybrid laminar flow fin during 1998
flight tests [41].

The hybrid laminar flow fin uses a combination of wing shaping (NLF wing) and suction at the leading
edge through a porous wall [41]. This concept is the same for the 1998 and 2018 tests, however, the
suction systems differ. Figure D.12 shows the suction system used in 1998. It consists of porous panels
with laser-drilled holes. The porous leading edge extends up to 20% of the chord length. Inside the
leading edge suction chambers are located and are connected via ducts, tubes, and valves to a pump.
The Gaster-bump at the bottom is implemented to create a stagnation point to divert flow disturbances
coming from the fuselage and to start a laminar boundary layer [57]. An actual photo of the system is
shown in Figure D.14, which shows that the chambers along the porous skin and the ducting take up
a lot of space, and are rather heavy and complex. With the 1998 flight tests, it was proven that laminar
flow could be obtained with such a system. However, they did not provide an overall gain due to its
weight and complexity. Because of this, a new suction system was designed for the 2018 flight tests,
shown in Figure D.13. This system consists of a titanium porous panel with an inner sheet relatively
close to the outer one with stringers in between, creating very small chambers. The empty volume
within the inner sheet is the suction duct, which is connected to a pump. Figure D.15 shows the new
suction system, which is significantly smaller and simpler. The main difference with the 1998 system
is that the suction chambers are a lot smaller and thinner and that the complex and heavy suction
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ducts, tubes, and valves are removed. This does take away the possibility of customizing the suction
distribution. However, it was found that the reduction in weight and complexity outweighed this [41].

Porous surface.

Figure D.12: Schematic of suction system during
1998 flight tests [57].

,/"Omslde Sheet \
Porous Surface
(Titanium)

N Orifice Sheet
e lTltamun!)’/"

Figure D.13: Schematic of suction system during 2018 flight tests [41].

Figure D.14: Suction system during 1998 flight
tests [41].

Figure D.15: Suction system during 2018 flight tests [8].

The 1998 tests found that transition roughly occurred between 24 and 52% of the chord [57]. For the
2018 tests it was found that the transition location lies between 36.5 to 50% [42], based on the limited
data that is available in literature. For both tests, the results are very dependent on flight conditions,
such as Mach number, altitude, sideslip angle, and rudder angle. However, the transition is still delayed
significantly [42]. Nevertheless, there are still some problems left to be able to implement this system
in commercial aircraft. For example, the problems of contamination (insects, debris, etc.) and the
combining of the system with anti-icing systems still need to be tackled [8].
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D.4. Boeing 787 - Passive suction system

A very recent development is a passive suction system tested on the Boeing 787. Not a lot of information
on this device is publicly available, but still enough to discuss. This passive suction system consists of
a special door located on the horizontal- and vertical tailplanes as seen in Figure D.16 and Figure D.17".
This door can be opened and, via an internal duct, it creates a low-pressure zone behind the porous
wall at the leading edge. In addition to suction, the door can also be used as a scoop to create a high-
pressure zone behind the porous wall, resulting in blowing. The suction is used to delay the transition,
whilst the blowing is suggested to be used to clean the leading edge and pores?:3. Although the suction
system is passive, the door must be powered by an actuator, making the system not completely passive
[36]. The device was patented in the EU by Boeing in 2010, which provided some drawings on how
the device works. This is shown in Figure D.18. Figure D.19* shows the device implemented on the
tail of a Boeing 787, with the porous leading edge in green and the door at the bottom of the black area.
Apart from the general mechanism, it is unknown how much the transition is delayed with this system
and how large the reduction in drag is.

ZHUFCSystom

HLFGC systém (tailplane)

Figure D.16: Tail with and without the doors’. Figure D.17: Door for passive suction system’.

Figure D.19: Passive suction system on vertical tail*.

Figure D.18: Patent drawing of door assembly for laminar
flow control system [88].
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D.5. Airbus A340 - BLADE

A very recent development is the Breakthrough Laminar Demonstrator in Europe (BLADE) project as
part of the Cleansky II°. The BLADE project is used to investigate NLF wings at near full-scale, con-
tinuing on the Fokker 100 flight tests. The BLADE uses NLF panels, which are basically small-sized
NLF wings. To test these NLF panels, they are placed at the tip of a so-called parent wing as seen in
Figure D.20. This was done so that minimal alterations to the test aircraft were required, but the flight
conditions and envelope still represent short-medium range aircraft. The NLF panels are designed with
several fairings as visualized in Figure D.21. The wing aerodynamic fairing is used to minimize interfer-
ence from the parent wing and to achieve more laminar flow on the inboard side of the panel. The wing
tip pod helps to achieve laminar flow as far outboard as possible. The first flight test was performed in
20178. During the flight test infrared images were made to determine the transition location as seen in
Figure D.22. The BLADE project not only assesses the performance NLF wings but also the impact of
manufacturing techniques. To test this, a small difference between the right and left NLF panel is made
in terms of cover panels (skin construction). The right panel uses a leading edge connected to a sepa-
rate upper cover panel, which is the common method used in the industry. The left panel uses a single
continuous leading edge and upper cover panel. Also, an effort was made to investigate the impact
of surface imperfections on NLF wings. Forward-facing steps, aft-facing steps, discrete imperfections,
and waviness were all tested. It was found that all of these surface imperfections have a considerable
impact on the transition location and laminar flow [89].

Wing Tip

Wing Aerod i
J ing Aerodynamic Pod

‘ Fairing (WAF)

Overspeed Fairing

© Airbus, 2021

© Airbus, 2021

Figure D.20: Airbus A340 with BLADES [89]. Figure D.21: BLADE design [89].
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Figure D.22: Infrared images of BLADE from the flight tests [89].
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Analysis of transition settings in XFoil

Having established the M3J airfoil can be modeled with XFoil in subsection 5.1.1, the full M3J wing
should also be simulated with Q3D (and thus XFoil). To see the aerodynamic effect of the hump on the
full M3J wing, an analysis was performed by varying the z;,./c. The M3J wing simulated in this section
uses the dimensions shown in Figure 5.1, which has a constant chord length of 1.2728 m (no sweep
or taper). As Q3D analyzes airfoil sections along the span of the wing, the z;,./c will be set the same
for all of these airfoil sections on both the pressure- and suction side. The drag- and lift coefficients
found with Q3D are seen in Figure E.1 and Figure E.2. The drag coefficient reduces when the transition
location is moved downstream, as expected, but after a slight dip around 0.75 x/c, it plateaus at around
0.8 x /¢, which needs to be further investigated. The lift coefficient stays constant throughout all z,,. /¢
values for both the inviscid and viscous solutions. It also shows the viscous effects, reducing the lift
coefficient.
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Figure E.1: Forced transition location vs. drag Figure E.2: Forced transition location vs. lift coefficient,
coefficient, M3J wing, N = 9, o = 3 deg and M3J wing, at N = 9, o = 3 deg and Re = 2.29 - 105.
Re =2.29 - 106.

Further investigating the behavior of the drag coefficient from 0.75 z/c to the trailing edge, the
(Ttr/€) torceq 1S Plotted against the (x4, /¢) 1., sicq) in Figure E.3. XFoil uses the most upstream transition
location through to either the directly set (2+,/c) ;,,..q OF through the N-factor, the dominating transition
setting is denoted as (2,/¢),,,sicai- AS the N-factor is kept constant to its default value of 9 in Fig-
ure E.3, it is found that the N-factor dictates transition from 0.75 x/c onward. This is represented by
the (24,/¢) 1y sicar PECOMING constant after 0.75 z/c on the suction side and slightly more downstream
on the pressure side. Note that these are the values taken at a mid-span section of the full M3J wing
and assumed to be approximately representative of the full wing.
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Figure E.4: Forced transition location vs. drag
Figure E.3: Forced transition location vs. physical coefficient, physical transition location, and separation
transition location, mid-span section of M3J wing, at location, mid-span section of M3J wing, at N = 9,
N =9, a = 3deg and Re = 2.29 - 10. a = 3 deg and Re = 2.29 - 105.

This still leaves the question of why there is a short dip before the drag coefficient plateaus. A better
visualization of this dip in drag coefficient is seen in the upper plot of Figure E.4. As it is found that the
constant (z¢r/c),p,, sicr dU€ to the N-factor is responsible for the plateauing of the curve after the dip,
it raises the question what triggers the transition at that point. The bottom plot of Figure E.4 shows the
answer. Laminar separation occurs at the location where the dip in drag coefficient is observed. The
separation locations are obtained from the friction coefficient in XFoil since no direct method exists. The
location where the friction coefficient becomes negative is taken as the separation location. To better
explain what is happening area of the dip, where the separation and transition location curves intersect,
three shaded areas are indicated in red, yellow, and blue. The red area is the onset of separation at
the suction side moving upstream and becoming the limiting over the transition (intersecting below the
transition curve), reflected by the drag coefficient curve having a slightly less steep downward gradient
compared to upstream. The yellow area shows the same behavior for the separation curve as the red
area, but now for the pressure side. Here separation has become the limiting on both sides of the wing.
This is represented by the drag coefficient curve reaching its minimum. Finally, the blue area shows the
separation location on both the suction and pressure side becoming constant as well as the transition
location curves. This is seen in the drag coefficient as a slight upward gradient becoming a constant
line going downstream.

It can be concluded that at the dip in drag coefficient, separation becomes limiting at the given
flight conditions and N-factor. In this case, it is laminar separation, since the flow is laminar before the
separation location and the separation induces transition slightly downstream of the separation location.
As the separation location stays constant, so does the induced transition, explaining the plateaus in
Figure E.1 and Figure E.3 respectively.



T 1

Vertical tailplane airfoils

Table F.1: CONFIDENTIAL Note all Fokker models are based on Fokker F-28 Mk1000 and assumed all to be the same since

all these variants are similar types of aircraft. For all other aircraft, the t/c ratio % is converted to a simple symmetrical NACA

airfoil, since actual airfoils are unknown, except for the VFW-614. For DATCOM also not all NACA thicknesses are available,
therefore closest equivalent is chosen.

s Closest
: o Airfoils used .
Aircraft type . t/c ratio % for Q3D, equivalent
rom sources Fokker/Obert used for
USAF DATCOM

Airbus A300 12.5% [15] NACA 0012 NACA 0012
Airbus A320 9% NACA 0009 NACA 0009
Airbus A340-300 W% [14] ____Be_ B
Boeing 737-100 12% [15] NACA 0012 NACA 0012
Boeing XB-47 (tailplane model) 1% NACA 0011 NACA 0012
Douglas DC9-30 11% [15] NACA 0011 NACA 0012
F-29 model 1-1 10.15% [15] NACA 0010 NACA 0009
F-29 model 2-5 10.15% [15] NACA 0010 NACA 0009
F-29 model 5-3 10.15% [15] NACA 0010 NACA 0009
Fokker F-28 Mk1000 model 8-3 10.15% [15] NACA 0010 NACA 0009
Fokker F-28 QC 40 deg model 8-4 10.15% [15] NACA 0010 NACA 0009
Fokker F-28 Tailplane model 9 10.15% [15] NACA 0010 NACA 0009
Fokker F-28 Wing off model 4 10.15% [15] NACA 0010 NACA 0009
SKV-LST-1 (model of subtype F-28) 10.15% [15] NACA 0010 NACA 0009
SKV-LST-2 (model of subtype F-28) 10.15% [15] NACA 0010 NACA 0009
SKV-LST-3 (II) (model of subtype F-28) 10.15% [15] NACA 0010 NACA 0009
VFW-614 ey | I | E—
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G.1. Airbus A320, cruise, sweep variation
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G.1. Airbus A320, cruise, sweep variation
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Figure G.1: Transition locations Airbus A320, cruise a = —1 deg (sweep variation)
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Figure G.2: Transition locations Airbus A320, cruise a = 0 deg (sweep variation)
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Figure G.3: Transition locations Airbus A320, cruise a = 1 deg (sweep variation)



G.2. Airbus A320, landing, sweep variation
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G.2. Airbus A320, landing, sweep variation
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Figure G.4: Transition locations Airbus A320, landing a = —1 deg (sweep variation)
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Figure G.5: Transition locations Airbus A320, landing a = 0 deg (sweep variation)
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Figure G.6: Transition locations Airbus A320, landing a = 1 deg (sweep variation)



G.3. Airbus A320, cruise, surface area variation
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G.3. Airbus A320, cruise, surface area variation
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Figure G.7: Transition locations Airbus A320, cruise a = —1 deg (surface variation)
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Figure G.8: Transition

locations Airbus A320, cruise a = 0 deg (surface variation)
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Figure G.9: Transition locations Fokker Airbus A320, cruise a = 1 deg (surface variation)



G.4. Airbus A320, landing, surface area variation
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G.4. Airbus A320, landing, surface area variation
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Figure G.10: Transition locations Airbus A320, landing o = —1 deg (surface variation)
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Figure G.11: Transition

x[r/c (normal-to-sweepline)

locations Airbus A320, landing o« = 0 deg (surface variation)
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Figure G.12: Transition locations Airbus A320, landing o = 1 deg (surface variation)



G.5. Fokker F-28 MKk1000, cruise, sweep variation
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G.5. Fokker F-28 Mk1000, cruise, sweep variation
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Figure G.13: Transition locations Fokker F-28 Mk1000, cruise a = —1 deg (sweep variation)
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Figure G.14: Transition locations Fokker F-28 Mk1000, cruise o = 0 deg (sweep variation)
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Figure G.15: Transition locations Fokker F-28 Mk1000, cruise @ = 1 deg (sweep variation)



G.6. Fokker F-28 Mk1000, landing, sweep variation
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G.6. Fokker F-28 Mk1000, landing, sweep variation
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Figure G.16: Transition locations Fokker F-28 Mk1000, landing o = —1 deg (sweep variation)
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Figure G.17: Transition locations Fokker F-28 Mk1000, landing o = 0 deg (sweep variation)
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Figure G.18: Transition locations Fokker F-28 Mk1000, landing o = 1 deg (sweep variation)



G.7. Fokker F-28 Mk1000, cruise, surface area variation
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G.7. Fokker F-28 Mk1000, cruise, surface area variation
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Figure G.19: Transition locations Fokker F-28 Mk1000, cruise o = —1 deg (surface variation)
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Figure G.20: Transition locations Fokker F-28 Mk1000, cruise o = 0 deg (surface variation)
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Figure G.21: Transition locations Fokker F-28 Mk1000, cruise oo = 1 deg (surface variation)



G.8. Fokker F-28 Mk1000, landing, surface area variation
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G.8. Fokker F-28 Mk1000, landing, surface area variation
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: Transition locations Fokker F-28 Mk1000, landing o = —1 deg (surface variation)
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Figure G.23: Transition locations Fokker F-28 Mk1000, landing = 0 deg (surface variation)
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Figure G.24: Transition locations Fokker F-28 Mk1000, landing a = 1 deg (surface variation)






Baseline configuration: geometries
and flight conditions

H.1. Estimation of vertical tailplane rolling moment arm

Equation H.1 shows the vertical tailplane rolling moment arm estimation. It is assumed that the CG is
at wing root chord height and the fuselage is assumed to continue straight on at the top side near the
vertical tail. Thus assuming no cone angle at the top side of the tail cone, since tail cone angles are
unknown. Also, a straight-tapered planform is assumed. The first term, z,,, accounts for the distance
between the spanwise location of the MAC and the vertical tailplane root chord and is calculated with
Equation 2.7. The second term, (3 Dy,s,... — 3d, ) accounts for the distance between the root chord of
the vertical tailplane and the fuselage centerline. The third term, z,,,, accounts for the distance between
the fuselage centerline and the wing root height.

_ 1 1
ZZV = ZV + <2D.fu5mam - 2dv> + ZW (H'1)
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H.2. Aircraft geometries
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H.2. Aircraft geometries

Table H.1: CONFIDENTIAL Original geometry Airbus A320 part 1/2

Variable Value Source | Note
S, - [14]
by, I [14]
A, [ ] [14]
X W ey [14]
Wing Ay | | [14]
Iy || deg [14]
Cr, [ 14 | |
Y [ [14]
S, . [14]
Airfoil NACA 0009 - Assumed
b, | KB [14]
Ay .- [14]
. A1/4Cv deg [14]
Ve::ifal N = [14]
Swef - [14]
(Cra), | R [14] Only used when Q3D is not used
¢y | [14]
K,y [ ] [14]
Dorsal fin ‘;—fj [ | [14] No dorsal fin
S, - [14]
b, I [14]
Ay [ | [14]
Horizontal Avjic,, W dey [14]
tail M | [14]
r, 6 deg [15] Table 9-2, assumed to be the same as the Air-
bus A300
Ty | [14] Estimated from drawings
Sfus.cross - m2 [14]
Plyemar e [14]
Zm | D [14] From drawings
Ly | [14]

Fuselage Sy N ° [14] Estimated from drawings
I | ] [14] Estimated from drawings
ha | ] [14] Estimated from drawings
h | [14] Estimated from drawings
w | [14] Estimated from drawings

(nnac)w I [14]
(Pnac) g | [14]
Nacelles (Ag%) w . [14]
Zezn " Thery 1 [14] | N.A. since wing-mounted nacelles
v
B}T: | [14] N.A. since wing-mounted nacelles
b
Relative % - [14]
component f | [14]
positioning z—g || [14] Estimated from drawings
Bre— || [14]
e I =
arms Vies
4.657 m

o~

z

Obtained through Equation H.1




H.2. Aircraft geometries 166
Table H.2: CONFIDENTIAL Original geometry Airbus A320 part 2/2
Variable Value Source | Note
Flaps % [ | [14] Estimated from drawings
Rudder o e 41
SVR | s [14]
o || [14] Estimated from drawings, assumed
W ailerons have constant flap chord to
wing chord ratio over full aileron span
Ailerons bz:;? || [14] Estimated from drawings
b::f/,z | [14] Estimated from drawings
(%)Wa 0.11 [17] Figure 24.121
Hinge gap Sealed - Assumed
Engine CFM56-5B4 [80]
iprimary 0.24 m* [80] Estimated from drawings
Engines ifan 229 m’? [80] Estimated from drawings
nZprimary 0.36 m? [80] Estimated from drawings
Anzion 1.41m? [80] Estimated from drawings
v | B [14] Estimated from drawings
ATy 120-10° N [90] Take-off thrust used
MTOW 73500 kg [80][17] | Weight variant WV00O0 and Figure 42.25
Weight MTOW —W,, 73037 kg [80][17] | Weight variant WV000 and W, from
Figure 42.25
MZFW 60500 kg [80] Weight variant WV000
£ 17.3 [17] Figure 40.17 and Figure 40.37 (85%) at
cruise Mach
Ch), 0.004692 - Calculated with Q3D for original airfoil
NACA 0009
Drag Cp), ; 0.004723 - Calculated with Q3D for original airfoil
NACA 0009
Sy, for (Cp), 21.8784 m” - Calculated by assuming b, = b, —
(bV/Z—‘;)/Q. Calculated for consistency,
actual SVM not used, due to ambigu-
ous definition
Range R 3161105 m [80] Harmonic range estimated from figure
TSFC 15.4.107° kg/(Ns) T

" Meier, N.. (2021). Jet Engine Specification Database. Retrieved December 12, 2024, from https://www. jet-engine.net/
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Table H.3: CONFIDENTIAL Original geometry Fokker F-28 Mk1000 part 1/2
Variable Value Source | Note
Sy M’ [14]
by . [14]
Ay [ [14]
Kijiey, = [14]
Wing Ay | [14]
', | R [14]
CL, | 14 I |
y [ [14]
S, | DN [14]
Airfoil NACA 0010 [15] Closest to original (%)V =10.15%
b, | D [14]
A, ] [14]
Vertical Aijic, |2 [14]
tail Ay | [14]
Sy, T s [14]
(Cr.), | [14] Only used when Q3D is not used
Cy | [14]
K,y [ [14]
Dorsal fin S—‘z/f [ | [14] Reverse-engineered from data
S, - [14]
b, | B [14]
Ay | [14]
Horizontal Aijac,, | [14]
tail A | [14]
T, 0 deg [15] | Table 9-2
iy | 2 [14] Estimated from drawings
S fus.cross I [14] Based on values of smaller wind tunnel model
scaled to full-size model
“Lpemaa ] [14]
T - [14] Based on values of smaller wind tunnel model
scaled to full-size model
Iy . [14]
SBs - C [14] Based on values of smaller wind tunnel model
scaled to full-size model
Fuselage h1 | ] [14] Based on values of smaller wind tunnel model
scaled to full-size model
ha ] [14] Based on values of smaller wind tunnel model
scaled to full-size model
h | [14] Based on values of smaller wind tunnel model
scaled to full-size model
w [ ] [14] | Based on values of smaller wind tunnel model
scaled to full-size model
Ky | [14]
(nnaC)W I [14]
(nnac)p I [14]
Nacelles (Ag—g)Nw | [14] | N.A.since fuselage-mounted nacelles
memhc—TO oy, I [14]
V.
B . [14]
Relative ﬁ o [141
component b ] [14]
positioning j—g || [14] Estimated from drawings
Dl — [ | [14]
Moment L, B 114 | I
arms ey, . (14 | I
Iz, 4.090 m - Obtained through Equation H.1
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Table H.4: CONFIDENTIAL Original geometry Fokker F-28 Mk1000 part 2/2

Variable Value Source | Note
Flaps % [ | [14] Estimated from drawings
o | 141 | I
|
.
Rudder S, - (2] |
I
I
La 0.32 [15] Table 7.1
W
b;’;';z || [14] Estimated from drawings
Ailerons e || [14] | Estimated from drawings
(%)WG 0.13 [15] Table 7.1
Hinge gap Sealed - Assumed
RB.183
Engine Mk.555-15/15N [817%3
Spey Jr.
Aiprimary 0.1458 m? 23 Estimated from images, assumed full
fan diameter = 0.8255 m
Aifon 0.5006 m? 23 Estimated from images, assumed full
fan diameter = 0.8255 m
Anzprimary 0.0660 m? 23 Estimated from images, assumed ex-
Engines hgust area to be split evenly between
primary and fan
Anzron 0.0660 m? 23 Estimated from images, assumed ex-
haust area to be split evenly between
primary and fan
Ly, I [14] Based on values of smaller wind tunnel
model scaled to full-size model
ATy, 43.8-10° N [81] Take-off thrust of RB 183 Mk555-
15/15N
MTOW 25720 kg [81] First model
MTOW —W,, 25398 kg [81][17] | First model and W,, from Figure 42.26,
Weight assumed F-28 Mk4000 data also holds
for F-28 Mk1000
MZFW 21160 kg [81] First model
£ 14.6 [17] Figure 40.17 and Figure 40.37 (85%) at
cruise Mach
(Ch), 0.004652 - Calculated with Q3D for original airfoil
NACA 0010
Drag (Cp), ; 0.004659 - Calculated with Q3D for original airfoil
e NACA 0010
Sy,., for (CD)VM 15.9138 m~ - Calculated by assuming b, = b, —
(bV/Z—‘;)/Q. Calculated for consistency,
actual Svmf not used, due to ambigu-
ous definition
R 1705-10° m R Range max. payload
Range TSFC 17.8107 % kg/(Ns) | [81]" | Assuming 43.8 kN thrust and 2800 kg/h
fuel consumption

2 Meier, N.. (2021). Jet Engine Specification Database. Retrieved December 12, 2024, from https://www. jet-engine.net/

3 Wikipedia. (2024). Rolls-Royce Spey. Retrieved December 13, 2024, from https://en.wikipedia.org/wiki/
Rolls-Royce_Spey

4 Wikipedia. (2024). Fokker F28 Fellowship. Retrieved December 13, 2024, from https://en.wikipedia.org/wiki/
Fokker_F28_Fellowship


https://www.jet-engine.net/
https://en.wikipedia.org/wiki/Rolls-Royce_Spey
https://en.wikipedia.org/wiki/Rolls-Royce_Spey
https://en.wikipedia.org/wiki/Fokker_F28_Fellowship
https://en.wikipedia.org/wiki/Fokker_F28_Fellowship
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Table H.5: CONFIDENTIAL Flight conditions Airbus A320

Variable Value Source | Note
M 0.2200 [25] Veapr Used, see Table 2.3
altitude 15 m [25]
«@ 5 deg - Assumed
51 | [14]
o1 ? deg [14]
. 0f1,2 deg [14] No double-hinged flap
Landing € - - No downwash data available, no
downwash correction for K, ,; used
"TVKFV ] [14] Linearized for small angles of attack
Linaz,_, 2.6 [17] Figure 26.13
(altitude)cL 0m [17] At sea-level
mazq _
i ’ 0.78 s
altitude 11760 m R
Q@ 0 deg - Assumed
st N deg [14]
Cruise 551 N deg [14]
Of1,2 ey [14] No double-hinged flap
€ - - No downwash data available, no
downwash correction for K, ,, used
"TVKFV ] [14] Linearized for small angles of attack
Table H.6: CONFIDENTIAL Flight conditions Fokker F-28 Mk1000
Variable Value Source | Note
M 0.1957 [25] Vepr Used, see Table 2.3
altitude 15m [25]
«@ 5 deg - Assumed
51 Wdey [14]
571 W ey [14]
5512 Bdeg [14] No double-hinged flap
Landing ¢ I [14]
"TVKFV ] [14] Linearized for small angles of attack
Lomas, 2.375 [17] Figure 26.17, assumed F-28
- Mk4000 data also holds for F-28
Mk1000
(altitude) c, 0m [17] At sea-level
mazy_
M 0.69 5
altitude 10700 m [81] Maximum operating altitude
@ 0 deg - Assumed
. 51 Wdeg [14]
Cruise 5 Nico [14]
Of1,2 N deyg [14] No double-hinged flap
¢ I [14]
"TVKFV ] [14] Linearized for small angles of attack

5 Wikipedia. (2024). Airbus A320 family. Retrieved December 12, 2024, from https://en.wikipedia.org/wiki/Airbus_

A320_family

6Wikipedia. (2024). Fokker F28 Fellowship. Retrieved December 13, 2024, from https://en.wikipedia.org/wiki/
Fokker_F28_Fellowship


https://en.wikipedia.org/wiki/Airbus_A320_family
https://en.wikipedia.org/wiki/Airbus_A320_family
https://en.wikipedia.org/wiki/Fokker_F28_Fellowship
https://en.wikipedia.org/wiki/Fokker_F28_Fellowship

Validation of stability analysis: flight
conditions and geometry changes

Table I1.1: CONFIDENTIAL Flight conditions, geometry changes (compared to baseline configuration as in Table H.1, Table H.2,

and Table H.5) and notes for all the stability derivatives of Airbus A320 used in validation Table 5.3.

Stability derivative Flight conditions & geometry changes
Flight conditions: Cruise with o =, 6., =6, = |
(Cyﬂ) Geometry changes: z,, /D = K. =1
Tail-off -0 (Ct.), from [14] used, not Q3D (Cy,,)
Flight conditions: Cruise with o =l 6, =W o7, =N |
(%)T_O (Ct,.), from [14] used, not Q3D (Ct,),,
Flight conditions: Cruise with o = Bs. =1 5,«1 | B
(C%>T_o (C,.), from [14] used, not Q3D (Ct,),,
Horizontal Flight conditions: Cruise with oo =, 6., =6, = |
tail (%)H (Cr.), from [14] used, not Q3D (Cr,,),
( o ) Flight conditions: Cruise with o =, 6., =W o, = |
Vertical Ys )y (CL, ), from [14] used, not Q3D (CL,.),
tail (Cz ) Flight conditions: Cruise with & = i =1 5fl | B
8/)v (CL, ), from [14] used, not Q3D (CL,.),
Flight conditions: Cruise with o = Bs. =1 5fl | B
(C"»’ﬂ)v (CL,), from[14] used, not Q3D (CL,,),,
5o Flight conditions: Cruise with o = s =01 5fl | B
(@)wt (Cr.), from [14] used, not Q3D (Cr,,),,
Sidewash o\ 4 Flight conditions: Cruise with o =W,0. =W, o7, =W |
(1 + 373) 4 Kry from (%)V ° (C,,), from [14] used, not Q3D (CLQ)Vf
N g Flight conditions: Cruise with oo =, 65, =L o7 =N |
(1+35) “Kev from (G, )| ° (C,),, from [14] used, not Q3D (CL(,)Vf
o Flight conditions: Cruise with o =, 6., =6, = |
Ysp (CL, ), from [14] used, not Q3D (CL,,),
Rudder o Flight conditions: Cruise with a = Bis. =01 5fl | B
b (Cr.), from [14] used, not Q3D (Cy,,),
o Flight conditions: Cruise with o = Bi. =1 6ﬂ =0
s (CL,), from [14] used, not Q3D (CL.),
Flight conditions: Cruise with a = s =1 5fl | B
Ysq (CL, ), from [14] used, not Q3D (CL,.),
Aileron o Flight conditions: Cruise with o = Bs. =1 5fl | B
'sa (Cr.), from [14] used, not Q3D (Cz.,),
o Flight conditions: Cruise with a = Bs. =01 5fl =0
54 (CLQ)V from [14] used, not Q3D (CLQ)V
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Table 1.2: CONFIDENTIAL Flight conditions, geometry changes (compared to baseline configuration as in Table H.1, Table H.2,
and Table H.5) and notes for all the stability derivatives of Airbus A320 compared to F-29 model 1-2 with wing-mounted
nacelles used in validation Table 5.4.

Stability derivative

(Cyﬁ )T—O

Flight conditions & geometry changes
Flight conditions: Cruise with o =, 6., =W 6, = |
Geometry changes: z,,, /Dsus = 0.4, K; =14

Tail-off (CL,), from[14] used, not Q3D (CL.),
(Cz ) Flight conditions: Cruise with a = L. =1 6fl | B

8)r_0 (CL, ), from [14] used, not Q3D (CL,,),
Flight conditions: Cruise with oo =, 65, = I, 6fl | B

(Cnf*)Tfo

(CL,), from[14] used, not Q3D (CL.),

Table 1.3: CONFIDENTIAL Flight conditions, geometry changes (compared to baseline configuration as in Table H.3, Table H.4,
and Table H.6) and notes for all the stability derivatives of Fokker F-28 Mk1000 used in validation Table 5.6.

Stability derivative Flight conditions & geometry changes
Flight conditions: Cruise with o =l 6, =0, =N |
(Cyﬁ) Geometry changes: z,, /Ds.s =L K; =1
Tail-off =0 (Cv.),, from [14] used, not Q3D (C%, ),
(C ) Flight conditions: Cruise with a — Bs. =01 (Sfl |
Y )r_o (Cr.), from [14] used, not Q3D (Cy,,),
Flight conditions: Cruise with o = Bis. =01 5fl |
(C% )T,O (Ct,.),, from [14] used, not Q3D (Ct,),,
Horizontal (C ) Flight conditions: Cruise with o =l 6., =0, =N |
tail ')y (Ct.), from [14] used, not Q3D (Cy,)
( o ) Flight conditions: Cruise with o =l 6., =W 6, = |
Vertical Ys ) v (CL, ), from [14] used, not Q3D (CL,.),
tail (C ) Flight conditions: Cruise with o = N =1 6f; =T
s )y (CL,), from [14] used, not Q3D (CL,,),
Flight conditions: Cruise with o = N =1 6ﬂ =0
(C% ) v (C,.),, from [14] used, not Q3D (Ct,),,
(51) Flight conditions: Cruise with o =l 6., =0, =N |
5B ) 1ot (CL, ), from [14] used, not Q3D (CL,.),
Sidewash N q Flight conditions: Cruise with o = M. = I =T
(1+35) ¥ Ky from (Cyﬁ)v (Ct,.), from [14] used, not Q3D (Ct, ).,
N\ q Flight conditions: Cruise with o = M. = I =T
(1+85) % Ky from (C%)V (C.,), from [14] used, not Q3D (CLQ)V
o Flight conditions: Cruise witha =l 6., =0, =N |
Ysp (CL,), from [14] used, not Q3D (CL.,),
Rudder o Flight conditions: Cruise with o = Bi. =1 6f[ |
b (Cr.), from [14] used, not Q3D (Cv,,)
Flight conditions: Cruise with o =, 6, =W o5 =N |
Crs (Cv.,), from [14] used, not Q3D (Cv,).,
o Flight conditions: Cruise with o =l 6., =0, =N |
Ysa (CL, ), from [14] used, not Q3D (CL,,),
Flight conditions: Cruise with o = Bis. =01 5fl |
(CL,),, from[14] used, not Q3D (CL,,),,
Aileron Ciy. Wind tunnel value from graph flight speed against C;
due to 4, from [17] estimated in linear range between
0 < §, < 10 between wind tunnel and flight test data
- Flight conditions: Cruise witha =6 =H o, =N |
"sa (CL,), from [14] used, not Q3D (CL.),
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26220 '
1
|
26180 I
1
=) |
= 26140 !
c |
Re] |
7]
2 26100
£ 1
) |
o 26060
© 1
26020 :
|
25980 1 . . . .
30 35 40 45 50 55 60

Asjag, 1ded]
Vv

Airbus A320, original airfoil, clean
—@— Airbus A320, M3J, clean
—W¥— Airbus A320, M3J, hump
— — — - Airbus A320, original sweep angle

Figure J.5: Airbus A320, CO4 emission vs. sweep
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Figure J.4: Fokker F-28 Mk1000, Fuel volume vs. sweep
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Figure J.6: Fokker F-28 Mk1000, CO5 emission vs. sweep
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Figure J.11: Airbus A320, CO2 emission vs. surface area
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Figure J.10: Fokker F-28 Mk1000, Fuel volume vs. surface
area
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