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ABSTRACT

A distributed propulsion aircraft can feature many benefits; however, the stability and control of such aircraft
are different from those of conventional aircraft. The goal of this thesis is to evaluate the minimum horizontal
tail and aileron size for DEP aircraft and compare it to a conventional aircraft. To do this, a tool is proposed
capable of estimating the minimal horizontal tail and aileron size for different configurations and including
or excluding propeller effects. The tool is capable of predicting the dynamic pressure increase at the wing and
horizontal tail due to propeller slipstream, the change in angle of attack at the wing due to propeller upwash
and downwash, and the increase in wing downwash. Using these quantities, the change in lift for the wing
and horizontal tail can be estimated due to the propellers. Additionally, it can estimate the moment of inertia
of the aircraft which is especially relevant for the roll of a DEP aircraft. The tool sizes the aircraft for stability,
rotation at take-off, trim, and roll. The main limitation of the tool is that it does not account for sideslip (only
two-dimensional movements), thus, for rolling the influence of sideslip is ignored. Furthermore, the tool
is designed for use with conventional planform aircraft, and the wing can either have minimal sweep or no
sweep at all. The tool was verified using examples from the references presenting the method. It was also
validated using Saab 340 with T-tail wind tunnel data. There was a slight offset between the results due to
the limitations of the tool modelling, however, the model was calibrated to the real-life data. In this report,
three aircraft configurations are analyzed: twin turboprop aircraft excluding propeller effects, twin turboprop
aircraft including propeller effects, and a DEP aircraft including propeller effects. The DEP aircraft features
eight propellers, folding wing tips, a reserve fuel tank in the back of the fuselage, and a battery inside the
aircraft wing.

First of all, the influence of propeller effects for the twin turboprop configuration is analyzed. The results
show that propellers destabilize the aircraft due to propeller normal force and extra downwash generated;
however, they help rotate faster at take-off due to increased lift and downwash. Moreover, propellers add
additional damping during rolling.

Second of all, all three configurations are sized for the minimal tail size, and the results are compared. The
twin turboprop aircraft (without propeller effects) features the smallest normalized tail size, closely followed
by the DEP aircraft. The twin turboprop aircraft (with propeller effects) features the largest tail size. This
is because the twin turboprop aircraft (with propeller effects) has the lowest stability due to the propeller
destabilizing moment and extra downwash at the horizontal tail. However, the DEP aircraft featured a lower
propeller destabilizing moment and a relatively shorter fuselage, increasing stability. Moreover, propeller
effects increase the rotational performance, lowering the tail size for this maneuver. In general, the DEP
aircraft features a 19% smaller normalized horizontal tail size.

Regarding roll, the twin turboprop aircraft had a higher requirement for roll due to lower aircraft mass.
However, even with a lower requirement, the DEP aircraft needed the same normalized aileron size. This was
due to the larger rolling moment of inertia (the normalized moment of inertia was approximately 30% higher
than for the twin-turboprop aircraft due to the batteries being placed quite close to the fuselage - up to 34% of
the half-span). Moreover, the distributed propellers added damping to the roll motion, even further reducing
the roll performance of DEP aircraft.

Finally, a sensitivity analysis of the DEP aircraft was performed. This included the vertical position of the
horizontal tail, battery placement in the wing, and reserve fuel placement. It was concluded that a T-tail is the
optimal tail for a DEP aircraft, as the downwash at the tail is lower, thus making it more stable. Moreover, an
analysis was done to see if the batteries could be placed throughout the whole wing; however, this resulted in
atoo big aileron. Using the whole space reserved for the aileron, the battery could be placed up to 55% of the
span. Finally, moving the reserve fuel tank to the middle of the fuselage showed a better stability performance
of an aircraft, reducing the tail size by about 10%.
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INTRODUCTION

The aviation industry has committed to achieving a 75% reduction in carbon dioxide and a 95% reduction
in nitrogen oxide emissions by 2050, as outlined in Flightpath 2050 [13]. Consequently, extensive research
is underway in the aviation sector to minimize the environmental impact of aircraft [14]. One promising
avenue to meet the goals of Flightpath 2050 involves the use of renewable electricity to power aircraft. This
has led to the emergence of innovative concepts for electrically driven aircraft, such as the distributed electric
propulsion (DEP) aircraft, exemplified by the X-57 Maxwell demonstrator shown in Figure 1.1.

Y TR

Figure 1.1: X-57 Maxwell demonstrator (NASA image) [1].

The feasibility of DEP aircraft relies on the advantages offered by electric engines, which exhibit a lower
weight penalty when scaled down compared to combustion engines [15]. By utilizing electric propulsion and
powering the aircraft with green electricity, zero emissions can be achieved during flight, aligning seamlessly
with the goals of Flightpath 2050.

In addition to achieving zero-emission flight when powered fully by green electricity, a DEP aircraft pro-
vides several advantages over conventional counterparts. The propeller-induced velocity increases lift over
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the wing, enabling a reduction in the wing surface area for a given perfromance requirement and maximum
lift coefficient. Furthermore, the distributed propulsion spreads the engine weight across the entire wing,
reducing maximum stresses during flight [16]. This configuration allows for an increased wing aspect ratio by
decreasing the chord length, resulting in lower drag and improved overall aircraft performance [17]. Electric
propulsors, compared to combustion engines, offer enhanced efficiency and reduced noise [18, 19]. More-
over, DEP aircraft feature a better take-off and landing performance, enabling lower-speed operations [20].

Another potential advantage of a DEP aircraft is the possible reduction of control surfaces. Active control
mechanisms, such as differential thrust, can minimize the need for traditional control surfaces like the verti-
cal tail or rudder [1, 21]. Propeller and aerodynamic surface interaction may further enhance the effectiveness
of these control surfaces. Previous studies have shown that control surfaces in the propeller’s slipstream are
more effective [22]. This reduction in control surfaces could lead to a decrease in aircraft wetted surface area,
subsequently reducing drag and overall weight, thereby improving performance and energy efficiency. Thus,
the primary objective of this research is to determine the minimum size of control and stabilizing surfaces
for a distributed propulsion aircraft that complies with regulatory and recommended requirements.

1.1. KNOWLEDGE GAP

Most of the DEP control and stability research has already been done on the vertical tail and rudder reduction,
as presented in Section 2.2. Additionally, most of this research was focused on engine inoperative conditions
[6, 16, 23] and rudder replacement by differential thrust [1, 21, 24, 25]. Furthermore, only one paper was
found on DEP aircraft horizontal tail sizing; Fouda et al. [26] adapted the approach from the conventional tail
design due to the smaller wing area of distributed propulsion aircraft. This resulted in a slightly lower tail vol-
ume; however, the authors did not take into account the propeller slipstream and horizontal tail aerodynamic
interactions. Thus, the approach should be modified for better results.

No literature on aileron or elevator sizing was found for distributed propulsion aircraft. Moreover, the
sizing of the control surfaces was not done for all critical flight conditions; the focus was mostly on crosswind
landings and one engine inoperative condition. Only a few articles focus on the propeller and control and
stability surface interaction. Finally, no research was found that focuses on the additional directional and
lateral inertia created by the widely spread propellers, which should affect the stability and control of the
aircraft.

Due to extensive research conducted on the vertical tail and rudder, it has been decided to exclude them
from this study. The focus will solely be on longitudinal stability and control, as well as lateral control. Fur-
thermore, doing a more in-depth study would require a 6-DOF analysis, which is left out of scope due to time
constraints. Additionally, the horizontal tail position will be analyzed to see its optimal position and deter-
mine if a T-tail, crucifix, or conventional tail is a better choice for DEP aircraft, as no studies for DEP aircraft
tail configurations have been done. Following the research gap identified in the literature, research questions
have been made. These are presented in the section below.

1.2. RESEARCH QUESTIONS

Research questions, which should be answered by the end of this research and fill in the knowledge gap
discussed in Section 1.1, are listed below:

How does the sizing of longitudinal stability, longitudinal control, and lateral control surfaces of a
distributed-propulsion aircraft compare to a twin-propeller aircraft sized for the same mission, with and
without accounting for propeller effects?

* What are the critical flight conditions for distributed propulsion aircraft’s stability and control surfaces?
* How do the propellers affect the aircraft’s control and stability performance?

— What effect does the propeller slipstream have on the control and stability surfaces of the aircraft?

— What effect does the different pitch and roll inertia due to distributed propulsors have on the
control and stability of the aircraft?

* What is the sensitivity of the horizontal tail and aileron size to key design choices of a DEP aircraft?

— What is the impact of the vertical position of the horizontal tail?

— What is the impact of battery placement?
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— What is the impact of reserve fuel placement?

* By how much can the control and stability surfaces be reduced (or increased) compared to the reference
twin-propeller aircraft?

— By how much can the horizontal tail be reduced (or increased)?

— By how much can the aileron be reduced (or increased)?

1.3. REPORT OUTLINE

To guide the reader, a report structure is presented in this section. First of all, in Chapter 2, background
information is presented. This includes the explanation of basic propeller aerodynamics and the effect of
propellers on aircraft stability based on literature. Additionally, the state-of-the-art literature on DEP aircraft
is also discussed there with the requirements that have to be met for an aircraft. In Chapter 3, the method-
ology of the work is presented. This includes the presentation of three configurations to be analyzed in this
report. Moreover, an overview of the model is given, with an explanation of how different aerodynamic forces
and moments are modeled or various aerodynamic effects. In Chapter 4, the verification and validation of
the model made is discussed. This includes the verification of the downwash, wing wake, and propeller ef-
fects; validation of propeller effects and moment of inertia of the aircraft. Moreover, a sensitivity analysis
is performed on calibration coefficients, derived from validation, and ground effect. The results are shown
and discussed in Chapter 5. This includes the discussion of propeller effects on stability and control, the
final design, and a sensitivity analysis horizontal tail, battery, and fuel placement. Finally, conclusions and
recommendations of the work performed are given in Chapter 6.



BACKGROUND

This chapter discusses all the relevant background information. Firstly, propeller effects are analyzed to ac-
quaint the reader with the basics of propeller aerodynamics. Following this, a state-of-the-art literature study
is presented, used to identify the knowledge gap and formulate the research questions in Chapter 1. Finally,
a set of requirements is highlighted for the aircraft design.

2.1. PROPELLER AERODYNAMICS

In this section, the basics of propeller aerodynamics are presented. The main function of a propeller is to
create thrust, and in doing so, it often induces significant changes in a vehicle’s aerodynamic properties. The
effects of a propeller on the forces and moments acting on a vehicle can be classified into two categories:
those caused by the direct action of the propeller forces and those caused by the propeller slipstream.

2.1.1. PROPELLER FORCES

The propeller produces forces and moments in all directions, as illustrated in Figure 2.1. The primary goal of
the propeller is to generate thrust force, propelling the aircraft forward. As a side effect, torque is generated
due to the drag experienced by the blades, resulting in a moment around the center of the propeller.

Normal and side forces result from the varying loading on the propeller blades at an angle of attack (or
sideslip for side force). The loading on the propeller changes as the rotating blade shifts position. When
the angle of attack increases, the loading on the upward-moving propeller blade decreases, while on the
downward-moving blade, it increases due to different local angles of attack. This asymmetric propeller disc
loading is responsible for producing the propeller’s normal force. However, at a 0° angle of attack, both sides
experience the same angle of attack, resulting in uniform loading, and no normal force is generated.

For this study, the normal force caused by the propeller could be interesting to research, as it affects the
stability and control of the aircraft. In other research, it has been discovered that normal force can impact
the stability of an aircraft [27]. The normal force is generated when there is an angle of attack or sideslip
(side force) at the propeller. Moreover, normal forces are also generated in a roll (a change in the angle of
attack occurs due to a rolling motion). Thus, the propeller produces normal and side force for the three
heading changes (pitch, yaw, and roll), and these forces should be considered for the aircraft’s stability and
controllability.

2.1.2. PROPELLER SLIPSTREAM

This section discusses important parameters describing the flow caused by a propeller: axial velocity (respon-
sible for the increase in dynamic pressure in the slipstream), swirl velocity, and contraction. These parameters
describe the flow contained in the slipstream tube of the propeller, as illustrated in Figure 2.2.

Starting with axial velocity, originating from Newton’s Third Law, where thrust is the reaction force of the
accelerated airflow. Increasing the axial velocity generated by the propeller disk enhances the thrust force.
Although the propeller’s thrust axis may not always be parallel to the streamwise direction due to different
angles of attack, the axial velocity has only one component in the thrust axis direction, always parallel to
thrust. This velocity typically reaches its maximum at about 75% of the propeller radius due to the highest
loading occurring at that spot.
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blade vortex

thrust forge |.=
side force
Figure 2.1: The most important forces Figure 2.2: Helical vortex system and slipstream tube generated by a pro-
and moments acting on the propeller [2]. peller [2].

Another velocity induced by propeller interaction is the swirl or tangential velocity. This velocity, result-
ing from the propeller-produced torque, does not exist before entering the propeller slipstream (unless the
flow itself has some vorticity). After passing through the propeller disc, swirl velocity attains a certain value
and remains fairly constant (changing slightly due to slipstream contraction as momentum must remain the
same) throughout the slipstream in the axial direction. However, in the presence of the wing, this velocity
component decreases throughout the wing, a phenomenon known as swirl recovery.

The propeller-induced slipstream reduces in size over the axial distance traveled due to the mass flow
conservation of the propeller’s increased velocity. Moreover, the nacelle affects the slipstream of the propeller,
as seen in Figure 2.3. The slipstream at the nacelle does not contract as fast as the theoretical slipstream;
however, after leaving the nacelle, the slipstream experiences a much larger reduction in size.
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0.98 . CFD -ra_n_m-ﬂdel
"7r -~ Theodorsen

o
2 0.96 :

0.94 -1

Fan maodel including nacelle
0.92 !
0.0 1.0 2.0 3.0 4.0 5.0

*/R

Figure 2.3: Comparison of slipstream contraction ratio calculated with a propeller model [2] and the model of Theodorsen [3].

2.1.3. PROPELLER-WING INTERACTION

When the slipstream of a propeller passes over an aerodynamic surface, it influences its performance. First,
the propeller-induced axial velocity increases the flow speed over the wing, resulting in an increase in lift in
the propeller slipstream, as shown in Figure 2.4. Second, the tangential velocity changes the local angle of
attack at the wing. Since the swirl velocity acts in different directions on the wing depending on the side of
the propeller, the local lift is increased on the side of the propeller going upwards and decreased on the side
going downwards, as seen in Figure 2.5. Additionally, the increase in dynamic pressure can vary depending
on the side of the slipstream due to different blade loadings at different angles of attack.

In general, induced velocity (or an increase in dynamic pressure) can enhance the lifting performance of
any surface covered in the slipstream [22]. Therefore, an aileron positioned inside a propeller slipstream will
have higher effectiveness [28]. This could allow for a reduction in aileron size or improved roll performance.
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2.1.4. PROPELLER EFFECT ON LONGITUDINAL STABILITY

The primary stability surface responsible for the conventional aircraft’s longitudinal stability is the horizontal
tail. Additionally, the horizontal tail allows for aircraft trimming. Key considerations in the design of the
horizontal tail include the downwash caused by the wing and the change in dynamic pressure due to the
wake of the wing or the propeller slipstream [4]. It should be noted that the slipstream follows the downwash
created [29]. Propeller aircraft could potentially compensate for wing wake by having increased dynamic
pressure at the wake due to the slipstream.

In addition to the slipstream following the downwash, propellers can increase the downwash angle. A
study by Bouquet and Vos [9] showed that an increase in downwash due to the propellers provides better
take-off performance, as more negative lift is produced by the tail. However, the study stated that for other
flight conditions, tail effectiveness decreases due to higher downwash, especially for low-tail configurations.
The effectiveness of such configurations drops further, even besides the higher dynamic pressure due to the
propeller slipstream. A study by Shuai et al. [30] obtained similar results, noting that the propeller slipstream-
induced reduction in the horizontal tail’s efficacy is the primary cause of longitudinal stability degradation.
However, the downwash angle at the horizontal tail dropped as the angle of attack grew for counter-rotating
and inboard-up propellers, contradicting previous findings. In general, Shuai et al. [30] state that the dy-
namic pressure increase in the slipstream does improve the performance of the horizontal tail. However, the
location of the slipstream depends on the angle of attack, flap deflection, and power setting [31]. Both authors
agree that accounting for propeller effects is crucial for stability, even in preliminary design phases.

Finally, the increase in dynamic pressure on the wing affects the stability of the aircraft. One study by
Bouquet [32] investigates the effects of the propeller slipstream on the stability and control of aircraft. The
author notes that the tail-off pitching moment becomes more negative due to the propeller slipstream going
over the wing. However, this effect changes with power settings, adding complexity to the aircraft’s trimming.

2.1.5. PROPELLER EFFECT ON DIRECTIONAL STABILITY

The primary stability surface responsible for the conventional aircraft’s directional stability is the vertical tail.
One key condition in vertical tail design is the one-engine-inoperative (OEI) condition. A study focused on
the vertical tail by Schroijen et al. [33] showed that during the one-engine-inoperative condition, the pro-
peller slipstream has a significant impact on the vertical tail’s performance. A distinct increase in the yawing
moment due to propeller slipstream interaction was observed during this study. The increased side force on
the fin, caused by the asymmetrical lift distribution over the wing or flap due to the propeller slipstream, was
the most likely reason for this rise in the yawing moment. By creating a side wash at the location of the fin,
the asymmetric wing trailing vortex sheet increases the fin’s input to the yawing moment. Thus, during the
one-engine-inoperative condition, the behavior of the vertical tail of a propeller aircraft changes drastically.
Similar results were obtained by Keller and Rudnik [34]. Under the OEI condition, the author obtained results
that showed a significant increase in directional stability. The generated yawing moment increased by 130%
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due to the asymmetric flow-induced sidewash at the vertical tail. Besides the asymmetric flow, the vertical
tail can benefit from the increase in dynamic pressure when being inside the propeller slipstream, as stated
by Soikkeli [35].

Another study focused on the vertical tail by van Wonderen [29] showed that the configuration of the
aircraft has a significant impact on how the propeller slipstream affects the aircraft, with the wing position
and propeller position having the greatest impact. The author also states that due to the crossflow caused
by the propeller slipstream, the vertical tail effectiveness increases. Additionally, a side force is generated in
the case of asymmetric thrust conditions. Furthermore, it was observed that for a high-wing configuration
under a positive sideslip, the effectiveness of the vertical tail decreases due to the circulation created by the
asymmetric lift distribution, as seen in Figure 2.6. However, an increase in tail effectiveness was observed
for the low-wing configuration. Finally, the author states that the side force produced by the vertical tail at a
sideslip angle under the influence of the propeller slipstream rises by 5% to 7% when considering the entire
aircraft configuration. Also, the rotation direction of the propellers has a significant impact on the yawing
moment coefficient. Moreover, the yawing moment will be considerably higher if the critical engine fails,
primarily due to the increased crossflow over the fuselage and vertical tail, agreeing with other studies.
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Figure 2.6: Illustration of the asymmetric lift spanwise lift distribution for an outboard up and inboard up rotating propeller and the
effect on the vertical tail [4].

2.2. DISTRIBUTED PROPULSION AIRCRAFT STABILITY AND CONTROL

Much research is being conducted on the distributed electric propulsion concept [1, 19]. This research mainly
focuses on flight performance; however, there is also research on stability and control [21, 28]. Some of the
research has obtained non-beneficial results for DEP aircraft. For instance, Kim et al. [36] obtained results
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that showed distributed propellers deteriorate the longitudinal and directional stability of an aircraft due to
the normal and side force produced, which is also the case for conventional propeller aircraft [9]. However, it
should be noted that the aircraft analyzed was still stable. Thus, these effects allow the design of a stable and
controllable DEP aircraft; nonetheless, they should be accounted for.

Another part of the research has been primarily focused on the reduction of the vertical tail [5, 16] and
rudder through differential thrust [24, 25]. Moreover, the majority of this research has been focused on spe-
cific flight conditions, like one engine inoperative (OEI), while neglecting other possible critical conditions
during a flight.

2.2.1. RUDDER REDUCTION THROUGH DIFFERENTIAL THRUST

Distributed electric propulsion aircraft can derive significant benefits from employing differential thrust. The
larger moment arms of the propellers and shorter response times (electrical engines) enable these propulsors
to be effectively utilized for controlling and stabilizing the aircraft [1, 21]. By adjusting the thrust on each side
differentially, a yawing moment is generated, a concept known as differential thrust. While conventional
aircraft (turbo-fan) have employed differential thrust during emergencies [21], electric engines allow its use
during regular flight conditions.

The use of differential thrust enables directional control, potentially allowing for the removal or reduction
of the rudder. State-of-the-art studies have demonstrated the possibility of entirely replacing the rudder for
aircraft control. Freeman and Klunk [24] developed a linear time-invariant state-space model, showing that
equivalent controllability can be achieved with differential thrust compared to maneuvers performed by the
rudder. Similar results were obtained by Kou et al. [25], who developed a differential thrust yaw controller
demonstrating comparable controllability to arudder-based yaw controller. The possibility of eliminating the
rudder through the use of differential thrust was also explored by Hoogreef and Soikkeli [5, 35] in a simulated
one-engine-inoperative condition. However, the authors emphasized that such conditions lead to a drastic
reduction in lift due to failed propulsors, as depicted in Figure 2.7. This induces a rolling moment and a
decrease in altitude. Moreover, the reduction in available thrust due to differential thrust may limit climb or
acceleration.

Loss of lift may introduce
“wing drop’, causing banking
and extra yawing

. 7 Failure of propellers introduces instantaneous:
- yawing moment
- loss of thrust-induced lift

Figure 2.7: Illustration of effects induced by engine inoperative conditions [5].

A critical consideration in differential thrust operation is the rolling moment generated due to asymmetric
lift, which influences Dutch roll performance. Pfeifle et al. [37] determined that strong Dutch roll damping
can be achieved, providing yaw and roll control through differential thrust. However, these studies [5, 35,
37] highlight the need for a 6-degrees-of-freedom (6-DOF) analysis or experimental analysis, as yaw control
through differential thrust is highly coupled to roll motion.
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2.2.2. VERTICAL TAIL REDUCTION

Several studies have focused on reducing the size of the vertical tail. This is possible because considering
a one-engine-inoperative condition in a DEP aircraft results in a smaller thrust asymmetry. In the event of
engine failure, the remaining engine(s) must provide sufficient thrust for a certain climb performance, lead-
ing to oversized engines and consequently, a larger vertical tail and rudder surface to balance the increased
moment.

Ameyugo et al. [16] estimated a potential 90% reduction in fin size when considering a one-engine-
inoperative condition. However, the authors noted that even with such a significant reduction, differential
thrust should be used to maintain the aircraft’s stability and controllability. They emphasized that current
regulations do not permit such reductions, as the aircraft must remain stable and controllable even without
fuel or energy. Additionally, Biser et al. [6] demonstrated a vertical tail reduction of 32% and 45% for 6-engine
and 12-engine aircraft, respectively. However, this reduction led to poorer Dutch roll performance, reaching
level 2 handling qualities, which is insufficient for commercial aircraft, as shown in Figure 2.8. The authors
argued that handling qualities could be improved by utilizing a controller-augmented flight control system.
Furthermore, they suggested that even in emergencies, level 2 handling qualities would be acceptable.
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Figure 2.8: OEI and Dutch roll characteristics for variation of the vertical tail size [6].

Nguyen Van et al. [28] conducted a comprehensive study on the stability and control of DEP aircraft, con-
sidering various critical conditions. They concluded that differential thrust is most compromised at high ve-
locities, being inversely proportional to velocity, while vertical tail effectiveness increases quadratically with
velocity [28]. The critical flight phases identified were take-off, best climb, and final landing due to low or
high power. The authors affirmed that the rudder can be replaced by differential thrust and that DEP aircraft
are most advantageous for neutral directional static stability, potentially achieving a 45% reduction in vertical
tail size. In another study, Nguyen Van et al. [23] used the ATR72 as a base aircraft to assess potential stabil-
ity and control surface reduction. However, they explained that the vertical tail could not be reduced due
to the important level arm of engines located at the wing tip. Nonetheless, at low speeds, differential thrust
could control the aircraft, with control diminishing at higher speeds where control and stability surface effec-
tiveness increase while differential thrust effectiveness decreases, as observed in previous research [23]. The
authors suggested that the vertical tail should be reduced to allow for better differential thrust control. Lastly,
Nguyen Van et al. [38] developed an aircraft model to analyze vertical tail and rudder reduction. The authors
estimated a 60% reduction in vertical tail size for this model, emphasizing the need for future research to
analyze the full flight envelope and estimate the fin size reduction.

As the DEP aircraft concept is emerging, there is ambiguity in its certification. Conventional requirements
may lead to an under- or over-constrained DEP aircraft design. Klunk et al. [21] analyzed FAR Part 25 require-
ments and, taking these requirements into account, sized the vertical tail considering the Boeing 737-800 as a
reference. Additionally, the authors argued that for a distributed propulsion system, different conditions than
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one engine inoperative should be considered. Thus, one side inoperable (OSI) and two propulsors inoperable
(TPI) were introduced for the vertical tail sizing of the DEP aircraft. Nevertheless, for both conditions, signif-
icant vertical tail area reductions were achieved when compared to a conventional Boeing 737-800. While
a vertical tail reduction was still achieved, it is crucial to apply relevant requirements for a DEP aircraft, as
Klunk et al. did.

2.3. REQUIREMENTS

This chapter presents the relevant stability and control requirements. Firstly, the pertinent requirements from
CS-25 are discussed. Subsequently, recommended requirements are presented, which, although not manda-
tory, are considered beneficial. Additionally, other potential requirements for a distributed electric propul-
sion aircraft are examined. Given that DEP aircraft represent a novel concept, this examination primarily
involves an analysis of state-of-the-art literature to incorporate suggestions from various authors regarding
DEP aircraft requirements. Finally, a list of requirements to be addressed in this study is outlined.

2.3.1. CS-25 REQUIREMENTS

The analysis of CS-25 was conducted to identify the applicable requirements for stability and control surface
sizing. These requirements were selected from the sections on controllability and maneuverability, trim,
stability, ground handling characteristics, miscellaneous flight requirements, and control systems in CS-25.
The relevant requirements can be found in Appendix A. It’s important to mention that stick forces and stick
force gradients are beyond the scope of the preliminary design in this study. Additionally, it should be noted
that CS-25 provides an acceptable method for demonstrating compliance with roll capability, covering a bank
angle range from -30° to 30° within 11 seconds. However, in this thesis, the ailerons will be designed for
requirements set for good aircraft handling presented in the next section.

2.3.2. REQUIREMENTS FROM LITERATURE

Control and stability reference requirements were gathered from Sadraey [10]. The list of these requirements
is presented in Table 2.1. The aircraft under consideration were assumed to be Class II and Class III (a more
detailed overview of the aircraft is presented in Chapter 3) with a Category B flight phase. Level 1 handling
qualities were assumed, requiring the least effort from the pilot. It should be noted that some of the listed
requirements will not be verified, as they are outside the scope of this study. The final requirements addressed
by this study are presented in Section 2.3.3.

Table 2.1: Requirements from Sadraey [10].

Requirement Value
Rotation time during take-off 3-5s
Take-off pitch angular acceleration 4-6°/s?
The damping ratio of the phugoid mode =0.04
Short period damping ratio 0.3-2.0
Time to achieve a 45° bank angle! 1.9s
Time to achieve a 30° bank angle? 2s
Crosswind speed 30 knots
Time to double amplitude in spiral mode <20s
Dutch roll damping ratio =>0.08
Dutch roll frequency >0.4rad/s
Dutch roll damping ratio times frequency >0.15rad/s

CS-25 requirements state that the aircraft must be stable and controllable during all flight phases. How-
ever, during take-off, there is a brief period where total power loss would result in catastrophic consequences,
as the aircraft cannot return to the runway or maneuver to a safe landing [39]. On the other hand, the du-
ration of this window is very short, so it can be neglected [39]. Additionally, the risk can be mitigated by
including system redundancy, but this is outside the scope of this study (total loss of power is unacceptable
in the aerospace industry, especially for CS-25 aircraft; via good systems engineering and safety assessment
practices, this can be overcome).

Another potential failure is flight control. All-electric aircraft require an electronic system for flight con-
trol [39], which has a possibility of failure. The design of such control systems is beyond the scope of this
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study; however, the aircraft should be stable even without these control systems [39]. This is because the cer-
tification of such systems is costly [39] (when considering an unstable aircraft), as the failure of such systems
would result in an unstable aircraft.

2.3.3. FINAL REQUIREMENTS

The final requirements for three configurations (as presented in Chapter 3) are listed in Table 2.2. These
requirements were compiled from CS-25 [40], Sadraey [10], and Garrett T. Klunk et al. [21]. The resulting
list is presented in Table 2.2. Requirements highlighted in green are mandatory (coming from regulations),
those in yellow are recommended, and requirements in red are considered out of scope due to limitations
preventing their verification in this study. It is essential to note that the verification of red-highlighted re-
quirements would necessitate a 6-DOF model (or a real-life model), which was not developed in this study
due to time constraints. Moreover, the recomendatory roll requirement will be used instead of the one from
CS-25. The recommendatory one is more critical than the one in CS-25 (achieving the recommended one will
also comply with CS-25) and this will also allow the pilots to have better handling qualities of the aircraft. The
short period and phugoid requirements are in yellow, as the values are recommended for achieving Level 1
handling qualities. Conversely, the first requirement states that the aircraft must be stable, making the short
period and phugoid requirements mandatory for minimum stability (positive damping). The recommended
values aim to enhance aircraft handling. Each applicable requirement will be tested for every critical flight
condition.

Table 2.2: Final requirements for control and stability surface sizing (green: hard requirement, yellow: recommended requirement, red:
out of scope).

Requirement Value Source

Rotation time during take-off
Take-off pitch angular acceleration
Time to achieve a 45° bank angle !
Time to achieve a 30° bank angle
Short period damping ratio
Damping ratio of phugoid mode

1For aircraft up to 30 tons.
2For aircraft above 30 tons.



METHODOLOGY

This chapter presents the methodology employed in the study. It includes the presentation of three aircraft
configurations to be analyzed, an explanation of the model, and techniques for estimating propeller effects,
moments of inertia, and aerodynamic parameters. This serves to elucidate the working principles of the
model, their strengths, and their limitations. Finally, each of the aircraft maneuvers is addressed and its
implementation in the model is explained.

3.1. CONFIGURATIONS

In this section, three different aircraft configurations are discussed. These configurations will be used in the
study to size the aircraft’s stability and control surfaces and observe the effects of different configurations.
It should be noted that the configurations are designed for the same mission, thus, the specifications and
geometries differ for the twin turboprop and DEP aircraft, besides the number and size of engines. Sizing the
configurations for the same mission is done, as to provide the best comparison for a real-life application of a
DEP aircraft. Moreover, the selection of these configurations aims to achieve two objectives: understanding
the stability and control of a distributed electric propulsion aircraft and assessing the general contribution of
propeller effects to the stability and control of an aircraft.

An overview of the main parameters of the aircraft is provided in Table 3.1. As the DEP aircraft is designed
for the same mission (same payload and range), the aircraft’s weight is much higher due to the heavy batteries.
Because of this the wing area is larger for the DEP aircraft. On the other hand, the fuselage is relatively shorter
due to the consistent payload.

Table 3.1: Main aircraft parameters for configurations.

Full name Configuration 1 | Configuration 2 | Configuration 3
Short version Config 1 Config 2 Config 3
Number of propellers (-) 2 8
Battery placement - Wing
Fuel placement Wing Fuselage
MTOW (kg) 28100 75989
Wing area (m?) 64.43 148.1
Wing span (m) 27.7 42
Fuselage length (m) 30.37 33.73
Fuselage diameter (m) 3.38 2.84

The primary goal of this study is to determine the optimal design of the horizontal tail size and aileron
size. This is achieved by finding the minimal size for different wing positions and sizing the ailerons for the
optimal wing position and horizontal tail size. The minimal size is found by analyzing all the different flight
conditions to determine the limiting case. These flight conditions are presented in Table 3.2.

12
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Table 3.2: Different flight conditions for the configurations and their specifications (thrust coefficient per propeller).

. . Configuration 1 and 2 Configuration 3 .
Flight condition Ve m/s) | To/n () | Vg m/s) | To/n () Flap deflection (deg)
Stall 54 0 57.4 0 30
Rotation 59.2 0.184 65.7 0.044 15
Approach 74.6 0 74.6 0 20
Cruise 181.9 0.015 185.8 0.003 0
Dive 227.4 0.010 232.3 0.002 0
Climb 86.8 0.091 89.6 0.019 0
Top climb 172.6 0.019 173.9 0.005 0
Landing 74.6 0.035 74.6 0.008 20
Stall (with thrust) 54 0.127 57.4 0.032 30

3.1.1. CONFIGURATION 1: TWIN TURBOPROP WITHOUT PROPELLER INTERACTION EFFECTS
Figure 3.1 and Figure 3.2 presents the first aircraft configuration. It shares the same specifications and ge-
ometries as Configuration 2; however, it does not feature any propeller effects (besides the thrust force). The
mass of engines will be accounted for, but there will be no propeller effects—only thrust vectors. The con-
trol and stability surface design will be done using conventional design methods, as these are suitable for
such configurations. Configuration 1 is chosen as it provides a base case for which no modification in design
methods is needed.

s

Figure 3.1: Front view of Configuration 1. Figure 3.2: Side view of Configuration 1.

3.1.2. CONFIGURATION 2: TWIN TURBOPROP WITH PROPELLER INTERACTION EFFECTS
Configuration 2, visualized in Figure 3.3 and Figure 3.4, maintains the same specifications and geometries as
Configuration 1 but includes propeller interaction effects. These propellers will affect the wing’s and horizon-
tal tail’s performance and produce normal force. All of these effects will be considered in the design process.
Configurations 1 and 2 will be compared to observe the propeller effect on the design of stability and control
surface size. Thus, Configuration 2 achieves two goals: it enables the validation of the implemented design
updates by comparing them to real-life aircraft or wind tunnel test data, and it provides a more realistic base
case—an aircraft with twin engines.

/‘_—KP\ ...............................................

Figure 3.3: Front view of Configuration 2. Figure 3.4: Side view of Configuration 2.

3.1.3. CONFIGURATION 3: DISTRIBUTED ENGINES WITH PROPELLER INTERACTION EFFECTS
Finally, Figure 3.5 and Figure 3.6 present the last configuration. Configuration 3 features distributed electric
propellers (four on each side) and a different aircraft geometry due to heavy batteries placed in the wing. To
account for this, all results will be normalized. The same methodology used for sizing the twin-engine aircraft
will be applied. Due to smaller propellers and a larger number of them, different results should be obtained.
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Figure 3.5: Front view of Configuration 3. Figure 3.6: Side view of Configuration 3.

Moreover, besides the different slipstream properties, the aircraft will feature a different mass moment of
inertia distribution (the heavy batteries are placed in the wing and propellers are distributed), which will be
accounted for in this study. Additionally, the aircraft also features folding wing tips, which will limit the outer
aileron position. The aircraft also has a small fuel tank in the back of the fuselage, which will affect the center
of gravity range. A sensitivity analysis of the battery distribution in the wing and reserve fuel tank location is
presented in Section 5.3. Finally, a top view of the aircraft is presented in Figure 3.7, to visualize the different
components featured in the aircraft. A more detailed overview of the geometry of the aircraft can be found in
de Vries’ work [41].
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Figure 3.7: Top view of Configuration 3.

3.2. MODEL

Based on the requirements set in Chapter 2, the aircraft has to be designed for sufficient stability, rotation
performance, and roll performance. Additionally, the aircraft should be capable of trimming during all flight
phases. To estimate the aircraft’s performance for each of the flight criteria, a code was constructed in Python
3.10.9. The developed program is considered to be in the low/mid-fidelity range; thus, some assumptions
were made and presented later in this section. This was done so that it would be possible to find the optimal
aircraft’s stability and control surface size in a reasonable amount of time and effort. Moreover, in the current
design phase of Configuration 3, high accuracy of results is not needed. Finally, the program structure and
the sizing process are also presented later.
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3.2.1. ASSUMPTIONS

Designing the control and stability surfaces of an aircraft is a complex process. Thus, to achieve some prelim-
inary results at the early stage of the design, assumptions have to be made. These help simplify the problem
while still maintaining a sufficient level of accuracy. Below are all the assumptions, along with their reasoning
for the code and general methodology:

Swirl velocity contribution to the lifting surfaces will be neglected. Zhao [30] in his study mentioned
that downwash and propeller slipstream are key in estimating the horizontal tail performance. The
downwash is accounted for in this study, while only the increase in dynamic pressure is included from
the propeller slipstream. On the other hand, this is the most influencing effect [2].

For rolling motion, the effect of propellers on the horizontal and vertical tail is neglected. The method-
ology used does not allow for the estimation of propeller effects at the tail in a rolling motion. However,
the contribution of the tail to the damping is minimal (Figure 3.8); thus, these effects can be neglected.

No stall flow separation at the wing is modelled.
The battery and the fuel tank are assumed to have a uniform density.
The propeller parameters were not provided; thus, the most fitting ones were selected.

The elevator size is tied to the horizontal tail; thus, while the elevator is not explicitly sized, changing
the horizontal tail size also changes the elevator size. This is done to lower the design variables for the
sizing process. The elevator covers the full-span of the horizontal tail and is 30% chord length of the
horizontal tail.

For multiple propellers placed on the wing, the propeller induced dowwnash at the horizontal tail is
assumed to be equal to the average of each propeller’s separate contribution.

Propellers and fuselage fuel tanks (in the aft of the fuselage) are modeled as point masses for mass
moment of inertia calculation.

The payload is assumed to be uniformly loaded on the aircraft. The uniform loading of the payload
(the "potatoes" in the loading diagram) is relevant for landing gear positioning, which is not done in
this report.

The horizontal tail center of gravity and mass are assumed to be constant; thus, they remain constant
with a changing horizontal tail size.

Rolling moment due to sideslip is not included.

Aircraft roll control is provided only through ailerons (no spoilers or other control surfaces).
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Figure 3.8: Wing and tail damping during roll maneuver.
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3.2.2. PROGRAM STRUCTURE

The program structure for estimating aerodynamic surface forces is shown in Figure 3.9. This module is
placed inside the aircraft class as a function, which calls other smaller functions (modules). This module is
represented as "Aero" and "Output". The explanation of each module is presented below:

* Aero - responsible for distributing the inputs to other functions and estimating simple inputs like lift
curve slopes.

* Output - takes all the outputs from different modules and turns them into lift coefficients; this is mainly
used for the horizontal tail, where different angles are summed to get the local angle of attack and
dynamic pressures are summed to get the local dynamic pressure.

* Induced area — gets the slipstream geometry: the induced wingspan, the slipstream path after the wing,
etc.

 Flap lift — gets extra lift due to flap.

» Wing lift — gets the final lift of the wing and propeller. This includes the effect of the flap and propeller.
Also, it outputs the wing moment coefficient, taking into account the flap and the slipstream.

° Downwash - gets the downwash of the wing.
* Dynamic pressure — gets the dynamic pressure ratio at the horizontal tail due to wing wake.

¢ Propeller downwash - gets extra downwash due to propellers.

* Propeller dynamic pressure — gets the extra dynamic pressure due to the propeller slipstream at the
horizontal tail.

Slipstream Slipstream
Area geometry geometry
Flap Lift ACL
Wing Lift | Cu Cuw Cuw, Cip,
Cow
Down- €n = €h
wash
Dynamic Dynamic
Pressure pressure
ratio
Propeller Agh At
Down-
wash
Propeller Dyhamic
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Figure 3.9: N2 chart for calculating lift components of the aircraft.
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3.2.3. TAIL SIZING

To ensure a fair comparison of all three configurations, it is crucial to design them for optimal performance.
The key parameter to consider is the horizontal tail size and wing location. While reducing the aileron or
elevator size may not result in significant mass savings compared to the horizontal tail (as the removed aileron
or elevator surface would be compensated by the wing), the horizontal tail is notably influenced by the wing
position. Therefore, to determine the optimal horizontal tail size, variations in the wing position will be
explored.

The elevator spanwise and chordwise positions will be kept constant, and the aileron will be sized in the
final step, as it does not impact the wing position. In the trim and stability modules, various flight condi-
tions and wing positions will be inputted. For rotation, only different wing positions will be considered, with
only one flight condition for this maneuver. Different horizontal tail sizes corresponding to different wing
positions will be obtained, with the largest size serving as the limiting factor.

Among all the different wing positions, the smallest limiting horizontal tail size will be selected to achieve
the optimal wing and horizontal tail positioning and sizing, respectively. Following this, the sizing for ailerons
will be carried out, as illustrated in Figure 3.10, summarizing the tail sizing process.
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Figure 3.10: Horizontal tail and aileron sizing for a given wing position.
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3.3. MOMENT OF INERTIA

In this research, pitching and rolling motions will be analyzed in time and space. Thus, to find the acceler-
ation of the motion, the moment of inertia of the aircraft should be known. This can be predicted with the
equations from Raymer [11]. For the roll axis, Equation 3.1, and for the pitch axis, Equation 3.2 can be used.
In Table 3.3, common radii of gyration values are given.
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Table 3.3: Nondimensional radii of gyration [11].

Aircraft Ry R,
Single-engine prop 0.25 | 0.38
Twin-engine prop 0.34 | 0.29
Twin turboprop transport 0.22 | 0.34
Jet transport: fuselage-mounted engines | 0.24 | 0.36
2 wing-mounted engines 0.25 | 0.38
4 wing-mounted engines 0.31 | 0.33

The reference aircraft is a twin turboprop transport aircraft; thus, radii of gyration for this type will be used.
Of course, a DEP aircraft will feature different systems, which will have different mass distributions. The key
difference is the absence of fuel in the wings, the battery, which could be in the fuselage or the wing, and
the distributed propellers. The methods to account for these differences and get an approximate moment
of inertia are presented in the following sub-sections. The reference moment of inertia will be estimated
with Equations 3.1 and 3.2. From these reference values, the fuel and twin propeller contributions will be
subtracted, and the distributed propulsion and battery system contributions will be added to get the new
moment of inertia.

3.3.1. FUEL

A wing fuel tank has a complex shape for which to estimate the moment of inertia. A general equation should
be used - Equation 3.3. However, the approach can be simplified by discretization. The fuel tank is split into
many spanwise sections, as seen in Figure 3.11. The shapes are still similar to the fuel tank; however, with
a much denser discretization, the shapes can be assumed to be equal to rectangles. Then the formula for a
rectangle can be used (Equation 3.4 and Equation 3.5), which accounts for the shape and distance from the
reference point (center of gravity of the aircraft)

szperV (3.3)

Iex = pweh-(w? + h2) + pwch- (Ay)? (3.4) Iy = pwch-(c* + h?) + pwch- (Ax)? (3.5)

The fuel tanks are assumed to be placed from 10% to 70% of the half span. These values are taken from
the ATR 72 fuel tank layout [42]. This aircraft is similar to the aircraft in question. Moreover, it is assumed
that the tank is placed between the spars, which are located at 15% and 60% of the chord. Finally, the average
height of the fuel tank is estimated by interpolating the surface area of the tank (xz plane), where root and tip
surface areas are inputs. These surface areas are easily obtained by finding the integrated area of the top and
bottom surfaces bounded by spars. The area varies linearly throughout the wingspan.

For Configuration 3, there is also a fuel tank in the back of the aircraft. However, it is a reserve fuel, and its
weight is low. As the distance to the center of gravity is high, it will be assumed to be a point mass.

3.3.2. BATTERY

For a battery placed inside the wing (Configuration 3), the same approach as for the fuel tank in the wing is
used. While the battery cannot be as effectively stored as fuel in the wing, the estimation tool will provide an
estimate of the battery’s moment of inertia inside the wing.
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Figure 3.11: Discretization of the fuel tank

The batteries in Configuration 3 are placed inside the wing. To ensure the lowest rolling moment of inertia,
they are placed as close to the fuselage as possible. Considering a battery density of 2000 kg/m3 [43], the
batteries can be placed up to at least 34% of the wing span, as seen in Figure 3.7. Of course, for structural wing
performance, it would be better if the batteries were more spread out (optimally placing them throughout
the whole wing). This would reduce the rolling performance of the aircraft. Thus, a sensitivity analysis of
the battery placement will be performed to see if the aircraft can still meet the requirements for rolling with
outer-placed batteries.

3.3.3. PROPELLERS AND MOTORS

In this study, propellers and engines will be considered as point masses. This is a valid assumption because
the influence of shape is reduced if the object is further away from the reference axis. To prove the validity of
the assumption, a simple calculation was performed, and the results are presented in Table 3.4.

Table 3.4: Comparison for the reference case for point mass approach and simplified actual.

Reference axis | Total (kg'm?) | Point mass (kg-m?) | Difference
X 32754 32560 0.6%
y 4964 3697 25.5%

As seen in Table 3.4, the assumption for finding the mass moment of inertia around the x-axis is valid.
For the y-axis, the assumption might not seem valid. However, one should keep in mind that the engine’s
center of gravity is much closer to the y-axis than to the x-axis; thus, the shape plays a bigger role. Due to
this, there is a big difference between both approaches. However, this difference is minor when compared to
the total mass moment of inertia, where the fuselage will have the biggest influence. Moreover, this will have
even less influence on distributed propulsion, as the shape factors scale quadratically with the dimensions;
thus, the difference will be even lower. For twin turboprop aircraft, the engine contribution is accounted for
in Equation 3.2.

3.4. AERODYNAMIC MODELS

The aircraft under analysis possesses a specific geometry, yet only a restricted set of aerodynamic coefficients
is available. Consequently, it becomes imperative to estimate several aerodynamic coefficients to derive the
pertinent forces and moments required for simulations. This section outlines the methods employed to de-
termine these coefficients.
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3.4.1. FUSELAGE

In general, for low angles of attack, the fuselage only contributes to the drag of the aircraft. Thus, for stability
and control, this is not relevant. On the other hand, at higher angles of attack, the fuselage starts creating a
destabilizing moment. Due to this, for instance, during take-off rotation, it is important to account for this
moment created by the fuselage.

For this study, the assumption is made that at a zero pitch angle, the fuselage generates no moment.
Although, in reality, the fuselage introduces a slight moment owing to its asymmetric curvature, this effect is
minimal when contrasted with moments at non-zero pitch angles. Consequently, there is a need to estimate
the moment derivative concerning the angle of attack. This is accomplished using Equation 3.6 as detailed in
[11]. The pitching moment factor is extracted from a figure provided in the book [11].
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3.4.2. WING

The wing lift coefficient without propeller effects can be estimated using Equation 3.7 and the lift slope of the
wing (horizontal tail and vertical tail also) can be estimated using Equation 3.8 (Equation 3.9 and Equation
3.10 shows the estimation of some of the variables) presented by Roskam [44].
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Wing zero lift pitching moment is found with the Datcom method [45] presented in Eqwuation 3.11. This
is only used for the main wing, as the pitching moment of the horizontal tail is zero (symmetric airfoil).
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The aircraft will also have some damping with the pitch rate. When an aircraft rotates, a dynamic angle
of attack is created, which depends on the rotation speed. This damping is relevant for the take-off rotation
and can be estimated with Equation 3.12 [46]. This damping is mostly affected by the horizontal tail, and the
wing contribution is minimal [44]. Due to this, the model will always predict a negative pitch rate moment
derivative, and the requirement for the negative pitch rate moment derivative will always be met.

(o (3.11)

Crmg = —2CL, M1 Vi(Xac, — cg) (3.12)

Finally, the aircraft drag should be estimated. This will only be used for take-off rotation, where it has a
noticeable effect. For aircraft roll, stability, and trim, drag is not required [10]. The drag is estimated using the
drag polar (Equation 3.13). The Oswald efficiency factor can be predicted with Equation 3.14.

2

CL 0.68
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3.4.3. DOWNWASH
The downwash at the horizontal tail affects the performance of the tail and elevator. Thus, it is essential to
be able to predict it to estimate the performance of these control and stability surfaces. Downwash is caused
by the wing lift and is also altered by the propeller setting. Wing downwash occurs since lift is generated
by producing downward flow velocity. This causes a change in the angle of attack at the horizontal tail. A
method taken from Datcom [45] is presented below for finding the wing downwash. The effective aspect
ratio and effective wing span can be found using Figure 3.12.

Using the effective aspect ratio obtained, the low-speed downwash gradient is achieved with the help of
Figure 3.13. The downwash gradient at infinity can be calculated with Equation 3.15.
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Depending on the flow separation of the main wing (which can be determined with Figure 3.14), the
vertical distance of the horizontal tail quarter chord point relative to the vortex core can be found. For trailing
edge separation, Equation 3.16 is used, and for the leading edge - Equation 3.17.

The span of the wing vortices at the tail is estimated with Equation 3.18. The span of completely rolled-
up vortices is found with Equation 3.19 and the distance of rolled-up vortices is found with Equation 3.20.
Finally, the downwash at the tail is found with Equation 3.21 and Figure 3.15.
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3.4.4. WING WAKE

Due to the friction over the wing, a slower region of flow is generated behind it called the wing wake. In this
region, the dynamic pressure is smaller; thus, any surface located in this region will suffer lower effectiveness.
This is common for a horizontal tail, which is located behind the wing. Due to this, the vertical placement of
the horizontal tail is critical and is also within the scope of this study.

To estimate dynamic pressure due to the wing wake, the method presented by Wolowics and Yancey [7]
can be used. The method predicts the location and size of the wake, and from this, the change in dynamic
pressure is estimated. First of all, the wake size is found using Equation 3.22, where x is the distance from the
wing root trailing edge. The maximum loss in dynamic pressure is obtained from Equation 3.23.

o 2.42CY?
A A D
=~k _ 0,68, [Cp,, (= +0.15) (3.22) I — (3.23)
Cw wWicw Joo’0 a+0.3

Knowing the maximum loss, it can be used to obtain the values depending on the vertical location (Equa-
tion 3.24). The vertical distance (body axis system) from the centerline of the wake to the quarter chord of the
mean aerodynamic chord of the horizontal tail is found using Equation 3.25. Finally, the downwash angle at
the plane of symmetry is estimated from Equation 3.26.

(%)h - (%)ocos2 (g Azz‘ike) (3.24) 2 = xtan(y + e, — ay) (3.25)

_1.62C,

<A (3.26)

€n

3.4.5. GROUND EFFECT

The ground effect mainly influences two parameters of the wing: lift curve slope and induced drag [47-50].
However, the effect of the ground effect on these parameters depends on the shape of the wing. For high-
aspect wings, the induced drag is more affected, whereas the lift curve slope stays relatively the same [48,
51]. Similarly, for low aspect ratio wings, the ground effect significantly changes the lift curve slope, but the
induced drag stays the same. This also meets CFD data [52] (aspect ratio of 20), where the drag changes close
to the ground but the lift stays the same. As the configurations in the report feature high aspect ratio wings,
only the change in induced drag is modeled. The induced drag reduction can be estimated using Equation
3.27 [48]. The induced drag coefficient is then multiplied by the outcome of Equation 3.27.

1-1.32%
=1-———2 (3.27)
1.05+7.4%

3.4.6. ROLL DAMPING

In this study, the aircraft’s rolling motion will be analyzed. However, the problem with this motion is that
the lifting surfaces will encounter different local angles of attack along the wingspan. Due to this, the lifting
surfaces will be discretized into many spanwise sections. Each of these sections will generate a force, which
will produce a moment around the aircraft. To find the force, the lift curve slope of each section needs to be
estimated.

The spanwise lift curve slope distribution is estimated with Schenk’s approximation [53]. This approxi-
mation is used for lift distribution but can also be used for lift curve slope in the case of a less swept wing
because the local angle of attack is similar at all sections.

The result from AVL and the one obtained by Schrenk’s approximation is shown in Figure 3.16 to verify
the usage of Scherenk’s approximation. It can be seen that Schrenk underestimates the lift slope until the
tip and overestimates it at the tip. However, the difference is small. Moreover, when computing the moment
created, the difference is only 2.3% between the two approaches. However, with the Schrenk approximation,
no coupling to external programs is needed, and it can be used for different planforms (low-sweep wings),
thus, it is used in this study to estimate roll damping.
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Figure 3.16: AVL and estimated by Schrenk’s approximation lift curve slope spanwise distribution.

3.4.7. CONTROL SURFACE DEFLECTIONS

By deflecting control surfaces, forces controlling the aircraft are generated. There are mainly three control
surfaces: the elevator, aileron, and rudder. These are responsible for longitudinal, lateral, and directional
control, respectively. This study will only focus on the elevator and aileron designs.

Elevators mainly provide longitudinal control for the aircraft. In a conventional aircraft, this control is ap-
plied through an elevator deflection or throttle setting [10]. The derivative of the horizontal tail lift coefficient
concerning elevator deflection is shown in Equation 3.28. This depends on the horizontal tail lift curve slope
and control surface effectiveness, which can be obtained from a figure presented by Sadraey [10].

CLhﬁe = _CLahTe (3.28)

Ailerons are control surfaces mainly used to provide roll control to the aircraft. They are situated at the
ends of the wing, as the rolling moment is highest there. Ailerons typically extend from about 50% to about
90% of the span; however, a lower aileron span is desired to allow for more space for the flaps [11].

For the moment derivative due to aileron deflection, the calculation is a bit more complex. Again, the lift
curve slope and control surface effectiveness are used. However, because the aileron does not cover the whole
span of the wing and the position affects the moment, a normalization has to be applied. This coefficient
depends on the aileron placement and area and is normalized to the surface area of the wing and wingspan,
as shown in Equation 3.29 [10].

_ ZCLawT Yo

=— d 3.29
b= "5p ), VY (3.29)

3.5. PROPELLER EFFECTS

As discussed before, the propeller can directly and indirectly impact the aircraft. Direct impact comes from
the thrust force and normal force, while indirect effects come from the slipstream-affected aerodynamic
forces. The arrangement of the vehicle’s parts has a significant impact on those caused by slipstream effects.
But it is possible to generalize in the ways that follow:

* When delivering positive thrust, the dynamic pressure behind the propeller is higher than the dynamic
pressure in the free stream. The forces and moments acting on slipstream-involved aircraft parts are
inversely correlated with the slipstream dynamic pressure.

* A downwash field is created behind the propeller aircraft as a result of the normal force acting on a pro-
peller at the angle of attack. The angle of attack of the aircraft parts working in the propeller slipstream
is altered by this downwash field.

To account for propeller effects, a method presented in Datcom [45] has been used and expanded by
Wolowics and Yancey [7] (the original method was presented in a technical report [54] and also described by
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Abzug [55]; however, these papers are inaccessible). This technique examines the lift coefficient increments
caused by the effects of propeller power in the following order:

* Due to the downwash flow field behind the propeller, the piece of the wing in the propeller slipstream
changes its angle of attack

* Dynamic pressure shift over the wing part in the propeller slipstream

* Downwash-induced lift change and dynamic pressure changes acting on the horizontal tail

The basic approach to accounting for propeller effects will be the adjustment of aerodynamic coefficients.
All aerodynamic coefficients will be normalized to the wing surface area and freestream dynamic pressure.
Thus, every effect will be accounted for in the coefficient itself. For the wing, the lift coefficient is expressed
in Equation 3.30. The wing lift consists of the lift generated without propeller effects (Equation 3.7) and the
change in lift due to the increase in dynamic pressure in the slipstream and the change in the local angle of
attack.

CL:CLa(ab_aO"'iw)"‘(ACL)Aqw"'(ACL)ep (3.30)

The horizontal tail lift coefficient is expressed in Equation 3.31. It depends on the local angle of attack
(which depends on the body axis angle, wing incidence angle, downwash, propeller-induced downwash, and
elevator deflection) and the dynamic pressure ratio (which depends on wing wake and propeller slipstream).
Again, everything is normalized concerning the main wing area and freestream dynamic pressure.

Y

n , Adn ) Sn
Sw

Finally, the propellers will also generate a force when exposed to an angle of attack. The formula for it is

presented in Equation 3.32. fis the propeller inflow factor, which can be obtained from a figure provided by
Wolowics and Yancey [7].

Cr,=Cu,, (ab+ih—eh—Aeh+rée)( (3.31)

co ('_700

S
(AC1)y, = F(Cn,) pap - cosar (3.32)
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To get the aerodynamic coefficients for the wing, horizontal tail, and propeller, the dynamic pressure
increase at the wing needs to be known, as does the change in angle of attack in the slipstream, propeller-
induced downwash, dynamic pressure at the horizontal tail, and the propeller normal force coefficient. The
methods of obtaining these parameters are discussed below.

3.5.1. DYNAMIC PRESSURE INCREASE AT THE WING

The increase in dynamic pressure over the immersed part of the wing is found using Equation 3.33. This is
only for the slipstream immersed part; thus, the area covered by the slipstream should be known. In Figure
3.17, the slipstream coverage of the wing is shown.

My _ Sullelm) 3.39
q an
To estimate the slipstream dimensions over wing, method [45] below is presented. First of all, the span
that emerges in the propeller slipstream is evaluated with Equation 3.34. To estimate the parameters for this
equation, Equation 3.35, Equation 3.36, and Equation 3.37 are used [7].

bi =24/ Rp? — (25— 2w)? (3.34) 2= —Xp (@p— €y —€p) + 2T (3.35)

en= =2 0 a0 (3.36) L S (3.37)
YT T ’ P Sap P ’

The upwash gradient can be predicted using Figure 3.18. The downwash gradient is found by Equation
3.38. The constants are obtained from Figure 3.19, and the normal force derivative is estimated with Equation
3.43. Finally, the increase in lift coefficient is found using Equation 3.39.
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K; is an empirical correlation parameter for additional wing lift due to the power effects on the wing

obtained from a figure in Wolowics and Yancey [7] work.
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3.5.2. ANGLE CHANGE IN PROPELLER SLIPSTREAM

For the additional lift generated by the change in angle of attack due to the propeller downwash Equation
3.40 [7] is used. The change in the angle of attack is estimated with Equation 3.41.

Ag (S;/prop) €
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3.5.3. PROPELLER INDUCED DOWNWASH

The slipstream affects the downwash at the horizontal tail [56]. The effect of propellers on the downwash
can be estimated using Figure 3.20. The calculation of the downwash without propellers was discussed in a
previous subsection.
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Figure 3.20: Increment in downwash due to propeller power for multiengine airplanes [7].
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3.5.4. DYNAMIC PRESSURE AT THE HORIZONTAL TAIL DUE TO SLIPSTREAM

In Figure 3.17, the slipstream coverage of the horizontal tail is depicted. To estimate the dynamic pressure
increase at the horizontal tail, the distance between the center of the slipstream and the horizontal tail needs
to be found. This vertical distance is calculated with Equation 3.42, derived from Figure 3.21. The dynamic

pressure increase is found using Figure 3.22.
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3.5.5. PROPELLER NORMAL FORCE COEFFICIENT

The normal force generated by the propeller can be approximated with Equation 3.43 [7]. Normal force factor
is obtained from the propeller manufacturer or can be estimated with Equation 3.44, and normal force pa-
rameter can be estimated with Figure 3.23. The angle of attack of the propeller plane is described in Equation
3.45.

(CNa)p: [(CN“)p]KNzgoj[l_'-O'S(%_1)] (3.43)
b b b
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Figure 3.23: Propeller normal-force parameter [7].
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3.6. LONGITUDINAL DYNAMIC STABILITY

One of the goals of this report is to predict the longitudinal dynamic stability of the aircraft. This consists of
the short period and phugoid. These motions are described by natural frequency and damping. These quan-
tities can be evaluated by formulas provided in Roskam’s book [56]. The short period natural frequency and
damping are estimated with Equation 3.46 and Equation 3.47, respectively. The phugoid natural frequency
and damping are estimated with Equation 3.48 and Equation 3.49, respectively.

Z,
ZaM —(Mg+ %% + Mg)
ny = “U 1 _ M, (3.46) (sp= # (3.47)
sp
—o7 -X
Wy = || (3.48) Eon= 5" (3.49)
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Static margin is an aircraft specification, which is part of static stability. On the other hand, it influences
the short period performance. Thus, the short period results can be explained partly by knowing the static
margin. It can be calculated with Equation 3.50

SM=-——7 (3.50)
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3.7. AIRCRAFT MANEUVERS

In this section, all of the relevant aircraft maneuvers are discussed. This also includes the approach to esti-
mate the aircraft’s behavior during these maneuvers.

3.7.1. TRIM

One of the responsibilities of the tail is to trim the aircraft. Thus, the tail has to produce a large enough force to
keep the aircraft balanced. In general, only two forces (wing and horizontal tail lift) and two moments (wing
and fuselage) are considered [10]. For this study the propeller normal force will also be included for relevant
configurations, as seen in Figure 3.24. Weight is neglected, as the total moment is taken around the center of
gravity. The moment of the horizontal tail and other forces are neglected due to their negligible contribution
[10].

Figure 3.24: Aircraft forces and moments contributing to pitching moment.

This results in the moment equilibrium below (Equation 3.51). These two equations have two unknown
variables angle of attack and tail incidence (or elevator deflection). Aircraft angle of attack will be obtained by
matching wing lift to weight. The tail contribution to the lift can be neglected [10]. The configurations feature
quite low payload and fuel mass; thus, the center of gravity ranges are low. Due to this, trim will be done only
with the elevator. Having the angle of attack and using Equation 3.51 the minimum horizontal tail size will be
estimated (using the maximum possible elevator deflection).

Mpys+ Ly (Xcg — Xac) + Np(xcg — Xp) — Lp(Xac), — Xcg) + My =0 (3.51)

3.7.2. ROLL

Ailerons are used to roll the aircraft. Sadraey [10] presents a good approach to doing the initial aileron sizing;
however, this approach will be adjusted. The roll damping done by Sadraey can only be applied to conven-
tional aircraft, thus, the method of Sadraey is adjusted by the roll damping estimation presented in Subsection
3.4.6. Moreover, it should be noted that an average lift slope should be taken for the aileron span part. Addi-
tionally, if a propeller blows over the aileron or part of it, it should be accounted for, as the effectiveness of the
aileron increases. The lift coefficient due to aileron deflection was discussed in Subsection 3.4.7, and the roll
damping was discussed in Subsection 3.4.6. An overview of the forces in a roll is shown in Figure 3.25. Aileron
deflection creates a moment around the aircraft, which rolls it. However, during this motion, roll damping
is created due to the change in the angle of attack at the control surfaces. These created moments resist the
aileron moment, until both reach an equilibrium and a steady roll rate is achieved.

The roll analysis is done in a time-space. An aileron deflection is inputted, and the roll rate is estimated
at every time step, including the created roll damping. Based on the result, the aileron size is then either
increased or reduced until the desired roll time is achieved. A maximum aileron deflection of 20° is assumed
[10] and the time to reach this deflection from neutral state is 0.5 s.
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Figure 3.25: Overview of forces in a roll.

3.7.3. ROTATION

Usually, the most critical condition for elevator sizing is take-off. During this flight phase, flow speed is very
low, and a large force is required to rotate the aircraft. An overview of forces and moments during take-off is
shown in Figure 3.26. The elevator will need to provide a force big enough to meet the requirements set in
Table 2.1. Again, only contributing forces are included in this preliminary analysis.

Figure 3.26: Forces and moments during take-off rotation.

Again, this analysis is done in a time-space. An elevator deflection is made, and the forces and moments
generated at every time step are estimated. Then the rotation acceleration is achieved, which is used to
estimate the new pitch angle. This analysis is repeated until the minimum horizontal tail size is found, which
meets the requirements. The maximum elevator deflection is set to 30° [10]. Moreover, the elevator starts
from 0° and reaches the maximum deflection in 0.3 s.

3.7.4. LONGITUDINAL STABILITY

In general, for an aircraft to be stable, the rate of change of the pitching moment coefficient concerning
changes in the angle of attack and the rate of change of the pitching moment coefficient concerning the
change in pitch rate has to be negative. The coefficients for longitudinal stability are found in Equation 3.52
and Equation 3.12 presented by Roskam [46].

_ _ N _ de
Cma = CLaw (xcg - xacwf) + Cmafus - CLah nh?(xach - xcg)(l - %) (3.52)



VERIFICATION AND VALIDATION

In this chapter, the verification and validation of the tool created are presented. This step is crucial, as it allows
ensuring the quality, reliability, and correctness of the process. First of all, the verification will be presented,
and following it, the validation of the tool. Verification includes the downwash, wing wake, and propeller
effects estimation. The verification of the moment of inertia estimation and aircraft maneuver modeling is
neglected due to limited resources, however, validation for these modules is performed (the stability and
control surface size, output of maneuver modeling, is compared to real-life aircraft in Chapter 5). The valida-
tion will cover aircraft moments and forces (including propeller effects) and the estimation of the moment of
inertia. Additionally, a sensitivity analysis on ground effect and fixing constants (derived from validation of
aircraft moments) is included in this chapter.

4.1. VERIFICATION

In this section, the verification of the propeller effects is discussed. The verification of these effects is done
by comparing the results obtained by Reference [7] describing this methodology. To compare the results, the
same geometry aircraft is put into the code to see if the same or similar outputs are received.

The majority of calculations were done by getting data from graphs. This graph data was digitized so it
could be obtained by the code. Thus, some errors are expected due to the digitization process. Moreover,
differences are also expected from the graph results obtained by the authors of Reference [7]. Due to this, the
outputs will not match the exact figure but should be in a close range.

The key geometry parameters for the reference aircraft are shown in Table 4.1, other inputs can be ob-
tained from Reference [7]. The units are imperial; however, the outputs are non-dimensional, thus, the units
do not need to be converted. The reference aircraft is a smaller aircraft than the ones discussed in this study,
however, it is a twin turboprop aircraft, which allows to verify the propeller effects.

Table 4.1: Reference aircraft specifications [7].

Parameter Value
Wingspan (ft) 36
Wing area (ft) 178

Mean aerodynamic chord (ft) | 4.96
Quarter chord sweep (deg) -2.5

Aspect (-) 7.5
Taper (-) 0.513
Horizontal tail span (ft) 12.5
Horizontal tail area (ft%) 32.5
Tail arm (ft) 14.5
Horizontal tail height (ft) 1.67
Propeller radius (ft) 3

32
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4.1.1. DOWNWASH
First of all, the verification of the downwash is presented in Figure 4.1. There is some difference between the
two results; however, this comes from the graph reading. The error is in the range of 0.9-2.3%.

4.1.2. WING WAKE

The wing wake verification is shown in Figure 4.2. However, all of the Reference [7] cases are outside of the
wake. The same is true for the references in Datcom [45]. Thus, the results are the same, and there is no error
between them. It should be noted that the position of the wing wake (which depends on the downwash -
Figure 4.1), also, matches for Reference [7] and model.
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Figure 4.1: Wing downwash Reference [7] results compared to the Figure 4.2: Wing wake Reference [7] results compared to the model.
model.

4.1.3. PROPELLER EFFECTS

To verify the propeller effects, a propeller thrust coefficient of 0.1 (single propeller, normalized to wing area
and free stream dynamic pressure) was used (same one used in Reference [7]). The verification was done
for the increase in lift coefficient of the aircraft, as this was the result of Reference [7]. While the goal of this
research is not to predict the lift of a DEP aircraft, a correct prediction of lift means that the effectiveness of
the aerodynamic surface is estimated correctly. Thus, it can be applied to estimate balance and control forces
(also lift).

The verification for the direct propeller contribution is shown in Figure 4.3. This includes the normal force
and thrust force contribution to lift. Minimal differences are observed, thus, the prediction of the normal
force is correct. The error ranges from -1.2% to -0.6%.

The increase in lift coefficients due to the increase of dynamic pressure over the wing is compared in
Figure 4.4. Again, the results are very similar, and the error is at most 2.1%. It can be seen that the error
increases with the airplane’s angle of attack. This is mostly because the power-off lift coefficients are taken
from a graph in Reference [7]. However, in the code, the lift curve slope is taken and multiplied by the angle
of attack (neglecting the propeller effects). Thus, at larger angles of attack, a higher difference occurs because
the slope starts slowly decreasing at high angles of attack.

Verification due to the local angle increase at the wing due to the propeller is presented in Figure 4.5.
Again, the results are similar with an error ranging from -3.1% to 0.4%. Moreover, the results for the horizontal
tail contribution are compared in Figure 4.6. The results closely match (error: -0.4%-0.7%).

The results of power effects do not perfectly match the ones in Reference [7]. However, the error is min-
imal and it mainly comes from the graph digitization and reading. Hence, the module responsible for esti-
mating power effects is verified.
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4.2. VALIDATION

In this section, the validation of the tool is discussed. This ensures that the tool is able to model real-life air-
craft performance. First of all, the propeller effect modeling is validated. This is done by comparing the model
predicted aircraft lift and moment to Saab 340 with T-tail wind tunnel results [9]. After this, the moment of
inertia calculation tool is also validated by comparing the model results to a X-57 (DEP aircraft) [57].

4.2.1. PROPELLER EFFECTS

For the validation of propeller effects, data from Bouquet’s and Vos’s paper [9] was taken, along with addi-
tional data from Obert’s work [8]. This data was based on a Saab 340 with T-tail wind tunnel results. To
compare the results, this aircraft geometry was used in the code to check if the outputs were similar.

It should be noted that not all aircraft specifications were provided. Some had to be derived from technical
drawings or estimated manually (aerodynamic center location, airfoil lift curve slope). Due to this, some
small deviations between the data should be expected. The key geometry parameters for the reference aircraft
are shown in Table 4.2, and other inputs can be obtained from references [8, 9].

The tail-offlift versus angle of attack is presented for the model aircraft and wind tunnel test with no thrust
in Figure 4.7. The results match closely; however, for higher angles of attack, the slope increases. This is due
to the airfoil lift curve slope estimation. The model gets the airfoil lift curve slope by using graphical data of
the airfoil lift curve. For the 8° angle of attack, the gradient is slightly overestimated due to the digitization of
the data. The same is seen in Figure 4.8 for the 8° angle of attack and the whole aircraft lift.

The tail-off moment curve is shown for no thrust in Figure 4.9. In this case, the results are different, and
there is a positive offset for the model. Considering that the tail-off lift matches closely and it consists of the
wing lift only (fuselage lift is neglected in the model, minimal propeller lift due to no thrust), most likely, the
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error is coming from the prediction of the fuselage moment or the wing moment (the moment due to lift is
zero, as the moments are taken around the aerodynamic center). The fuselage moment prediction is a low-
fidelity method based on one statistical graph and formula. Moreover, the method does not account for the
zero angle of attack moment and only estimates the moment curve slope. Based on this, it is highly likely
that the error is due to the missing fuselage zero angle of attack moment. In Figure 4.10, the total pitching

moment curve is presented, where a similar trend is observed—a positive offset of the model.

Table 4.2: Saab 340 with T-tail specifications [8, 9].
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Figure 4.7: Tail-off lift curves for Saab 340 T-tail at T¢=0 [8, 9].
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Moving to results with propeller thrust, a close relation between lift results is observed, as seen in Figures
4.11 and 4.12. The same higher gradient for 8° can be seen due to the lift curve slope estimation. In Figures
4.13 and 4.14, the moment curves are given, where again a positive model offset is observed.
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Figure 4.11: Tail-off lift curves Saab 340 T-tail at T¢=0.3 [8, 9]. Figure 4.12: Lift curves Saab 340 T-tail at T¢=0.3 [8, 9].
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Figure 4.13: Tail-off moment curves Saab 340 T-tail at T¢=0.3 [8, 9].  Figure 4.14: Moment curves Saab 340 T-tail at T¢=0.3 [8, 9].

Due to the moment offset, it was decided to introduce some constants to calibrate this. As the gradients
are similar, these will not be adjusted. For adjusting the offset, two variables are chosen: the fuselage moment
coefficient offset (AC,,) and the horizontal tail’s incidence (Aij). The fuselage moment offset will be used to
fix the tail-off moment curves, whereas the horizontal tail incidence will be used to fix the total moment curve
if needed. Both of these variables do not affect the slope of the graphs. The values are presented in Table 4.3.
These variables are used in order to calibrate the model for the wind tunnel data, as it is low/medium fidelity
and can predict the moments with a certain range of error. However, this brings some uncertainty into the
model. To see how this affects the model’s results, a sensitivity analysis on these validation coefficients is
done in Subsection 4.3.1.

Table 4.3: Coefficient values for fixing the model to validation data.

Coefficient | ACy, (-) | Aip (deg)
Value -0.045 0.5

The calibrated model results versus the wind tunnel result with no thrust are presented in Figures 4.15
and 4.16. With the calibrated model, a slight difference in slope can be observed in Figure 4.16; however, due
to it being minor and the complexity of accurately predicting the moment curves, it was decided to leave it as
it is and not introduce another fixing variable. Additionally, the calibrated results are presented with thrust
active on the propellers in Figure 4.17 and Figure 4.18. Again, some discrepancies are observed in the slope,
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especially in Figure 4.17, however, the results still are similar. For further analysis, these non-dimensional
fixing coefficients will be used.
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Figure 4.15: Tail-off moment curves Saab 340 T-tail at T¢=0 [8, 9]
(model calibrated to experimental data).

Figure 4.16: Moment curves Saab 340 T-tail at T¢=0 [8, 9] (model
calibrated to experimental data).
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Figure 4.17: Tail-off moment curves Saab 340 T-tail at T¢=0.3 [8, 9]
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Figure 4.18: Moment curves Saab 340 T-tail at T¢=0.3 [8, 9] (model
calibrated to experimental data).

4,2.2, MOMENT OF INERTIA

In this section, the module responsible for estimating the moment of inertia of the aircraft is validated. Firstly,
the base case moment of inertia is estimated using Equation 3.1 and Equation 3.2. These equations are em-
pirical and give the average moment of inertia for similar-size twin turboprop aircraft. Of course, some dif-
ferences are expected, as this formula only gives an average and will vary per aircraft. This can be seen in
Table 4.4, where the Cessna 172 [58] data is compared. The formulas can approximate the moment of inertia,
however, some differences occur. In general, only in the final design stages an accurate moment of inertia
estimation can be given when the complete mass distribution of the aircraft is known. For the design stage
done in this report, this accuracy will be sufficient.

Table 4.4: Validation of empirical moment of inertia formula.

Cessna 172 [58] | Model
Icx (kgm?) 1285 1434
I, (kgm?) 1825 1874

Previously, Cessna 172 data was validated. This aircraft was also selected, as it is similar to X-57 [57]
(a well-known electric distributed propulsion aircraft). The Cessna 172 moment of inertia will be adjusted
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using the moment of inertia model to see how close the results match. In Table 4.5 the results are presented.
This includes the adjustment for fuel, base engine, battery, and distributed propulsion.

Again there is some difference between the results. Due to the complexity of getting an accurate moment
of inertia number, this is expected. However, the difference might also come from assumptions made. One
of the assumptions used in the moment of inertia module is that engines are modeled as point masses. This
is accurate for small engines located far away from the center of gravity (distributed propulsion), however,
the same calculation was done for the Cessna 172 engine (a bigger engine, located at the spanwise center of
gravity). The code was built for at least a twin-engine aircraft, as this is one of the configurations analyzed in
this report. Due to this the moment of inertia for the Cessna 172 engine is underestimated. Moreover, there is
not a lot of data on X-57, as it is a very new concept still being developed. Thus, some data had to be derived
(like battery dimensions and location). This is also likely to cause the inaccuracy of the model. In general, the
moment of inertia can be predicted in a larger range for the aircraft.

Table 4.5: Validation of moment of inertia model.

Cessna 172 | Cessna 172 Distributed X-57
_ . Fuel | Battery Total .
[58] engine propellers [35]
Lex (kgm?) 1285 0 -348 | +32 +795 1764 | 1617
Iyy (kgmz) 1825 -401 -122 +376 +44 1721 1927

4.3. SENSITIVITY TO MODEL ASSUMPTIONS

In this section, two sensitivity analyses are performed. First of all, one on the calibration of the model to see
how they affect the results. Second sensitivity analysis is performed on the ground effect to see its influence
and the influence of different effects of the ground effect on the results.

4.3.1. VALIDATION COEFFICIENTS

In this sensitivity analysis, Configuration 1 (twin turboprop with no propeller effects) and Configuration 2
(twin turboprop with propeller effects) are employed. Figure 4.19 illustrates the rotation performance of Con-
figuration 1, displaying the minimal horizontal tail area for different wing locations. The impact of validation
constants on the results is minimal, as evident in the graph. Figure 4.20 highlights the differences, which
are more pronounced at lower wing positions due to the proximity to 0 (no horizontal tail area required). The
moment constant diminishes rotation performance by inducing more pitching down, while horizontal tail in-
cidence has both positive and negative effects. At low angles of attack, the pitching-up moment is lower, but
at higher angles, the horizontal tail aids faster rotation. The negative effect dominates rotation performance.
Similar trends are observed in Figure 4.21 and 4.22 for Configuration 2.
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Shifting focus to stability, results for both Configurations remain consistent with and without validation
coefficients. These coefficients have no bearing on the moment slope, thus leaving stability unaffected.

In conclusion, the impact of validation coefficients on the results is minimal, especially for more aft wing
positions. Larger differences are noted for rotation in more forward wing positions. Consequently, the valida-
tion coefficients will be retained for further analysis, but it’s crucial to note their minimal effect, particularly
for aft wing positions.
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Figure 4.21: Configuration 2 minimum horizontal area (for differ-
ent wing positions) for rotation and with and without validation
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coefficients.

4.3.2. GROUND EFFECT
A sensitivity analysis is performed in order to see the effect of the ground effect on the model results, as shown
in Figure 4.23. This is the rotation performance for Configuration 1. The difference is very small, as seen in
Figure 4.24. Finally, the same results are observed for Configuration 2 (Figure 4.25 and Figure 4.26).
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Figure 4.23: Configuration 1 minimum horizontal area (for differ-
ent wing positions) for rotation and with and without ground ef-
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Figure 4.24: Sensitivity of ground effect for Configuration 1.

Moreover, a sensitivity analysis was performed on the lift curve slope. This was done to see the effect of
a higher slope value on the results. The lift curve slope of the wing was increased by 10%. In Figure 4.27 the
results for Configuration 1 and in Figure 4.29 results for Configuration 2 are shown. The increased lift curve
slope has a noticeable effect on the results and reduces the needed horizontal tail size. However, with a lower
(original) lift curve slope the tail size is only overestimated (safe design). Moreover, low tail values (below 0.1)
should not be expected (for ATR-72 it is 0.19 [12]). This means that the error magnitude is in the range of 5%.
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RESULTS AND DISCUSSION

In this chapter, the results are presented. This includes the analysis of propeller effects, where Configurations
1 and 2 are compared for different flight conditions to see how propeller effects influence the aircraft. Later,
the minimal tail and aileron size for each configuration is presented and discussed. Moreover, the longitu-
dinal dynamic stability of each configuration is briefly discussed. Finally, a sensitivity analysis is performed
on the DEP aircraft’s vertical location of the horizontal tail, the placement of batteries in the wing, and the
placement of reserve fuel in the fuselage.

5.1. IMPACT OF PROPELLER EFFECTS ON STABILITY AND CONTROL OF AN AIR-

CRAFT

To analyze the influence of propeller effects on the stability and control of a conventional aircraft config-
uration before adding the additional complexity of a distributed-propulsion system, Configuration 1 and 2
results were compared. Both of the configurations were kept with the same horizontal tail size (0.265, nor-
malized to wing area) and wing position (0.459, normalized to fuselage length). In the subsections below, the
influence of propeller effects for the same geometry is presented and discussed for stability, trim, rotation,
and roll of the aircraft. Note that the aircraft meets the set-out requirements, but are not exactly sized for
them, as the purpose of this chapter is to show the influence of propeller effects on the same aircraft config-
uration.

Both configurations feature the same weight distribution. Thus, the loading diagram is the same for both
and is presented in Figure 5.1. The center of gravity of the aircraft is located in front of the aerodynamic center
and ranges from about 0.03 to 0.17 of the mean aerodynamic chord. The range is small, as the fuel volume is
low and the loading of payload is assumed to be evenly distributed.

28000 —— Fuel
—— Payload

Aircraft Mass, m (kg)
N
N
o
(=]
o

0.03 0.06 0.09 0.12 0.15
Center of Gravity, xco/mac (-)

Figure 5.1: Loading diagram for Configuration 1 and 2.
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5.1.1. STABILITY

As discussed before in Chapter 2, a propeller aircraft is less stable [9]. This is also the case for Configuration
2, as seen in Figure 5.2. In general, the requirement for horizontal tail size is higher for Configuration 2, as
also discussed by Zhao [30]. Interestingly, the limiting condition for Configuration 1 and Configuration 2 is
not the same. For Configuration 1, the limiting condition is the stall speed, whereas Configuration 2 suffers
the most after take-off (lift-off).

= Config 1 = Config 2
= 0.35 = 0.35
n n
= =
v 0.30 U 0.30
g g —— Stall Speed (T, =0)
& 0.254 3 0_257\ — Lift-off
= = —_— App.roach
= 0.20 = 0.20 —— Cruise
s s —— Dive Speed
S 0_15—\ S 0.15 — dclimb
E E Top Climb
£ 0.101 £ 0.101 —e— Landing
2 2 —e— Stall Speed (T, =0.254)
N 0.05 A N 0.05 4
£ £
< 0.00 ; : ; < 0.00 . : ;
S 041 0.42 0.43 0.44 045 S 041 0.42 0.43 0.44 0.45
Normalized Wing Position, Xur/lzus (-) Normalized Wing Position, Xu/lsus (-)

Figure 5.2: Minimum horizontal tail area size to ensure that the aircraft is stable for different conditions, wing position, and configura-
tions for MTOW and most aft CG position.

Configuration 1 suffers the most for stability at stall speed due to the larger downwash created compared
to other flight conditions. The lift coefficient at this condition is the highest; thus, the most downwash is
generated during this condition. The high downwash reduces the effectiveness of the horizontal tail, as can
be deduced from Equation 3.52.

On the other hand, Configuration 2 suffers even more at stall speed, as seen in Figure 5.3. As can be seen,
Configuration 2 still has a lower magnitude slope, as expected. This lower stability is mainly caused by the
propeller’s normal force (Figure 5.4), as propellers are ahead of the center of gravity. The same conclusion has
also been reached in Vaart’s work [27].
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Figure 5.3: Aircraft moment coefficient versus angle of attack at  Figure 5.4: Propeller moment coefficient versus angle of attack at
stall speed for MTOW and most aft CG position (T¢=0). stall speed for MTOW and most aft CG position (T ¢=0).

Configuration 2 suffers most after take-off because the thrust coefficient is highest. Due to the high thrust
setting, a lot of downwash is generated, which lowers the effectiveness of the horizontal tail, as discussed pre-
viously. Also, this decrease in horizontal tail effectiveness due to downwash has been observed in Bouquet’s
work [9], and the importance of downwash in tail sizing was mentioned by Obert [4].

Again, after take-off, Configuration 2 is less stable, as can be seen from the slope of the pitching curve
in Figure 5.5. The downwash increases with respect to angle of attack for Configuration 2 much more, as
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presented in Figure 5.6. This is because the thrust setting is high (as this happens right after take-off), and
this causes extra downwash due to the propeller slipstream. Thus, the effectiveness of the horizontal tail is
reduced, as seen in Figure 5.7.
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Figure 5.5: Aircraft moment coefficient versus angle of attack after Figure 5.6: Downwash versus angle of attack after take-off for
take-off for MTOW and most aft CG position (T¢=0.368). MTOW and most aft CG position (T¢=0.368).

Interestingly, no significant wing moment slope increase is observed in Figure 5.8. This contradicts the
findings of Bouquet [32], where the author claimed that the slope increases due to the higher dynamic pres-
sure over the wing caused by the propeller. However, in the paper, no lift reduction due to the change of angle
of attack at the wing caused by the propeller downwash was included. The two effects counteract each other
(discussed later in more detail in Subsection 5.1.3); thus, the lift increases due to propellers minimally scales
with the angle of attack (Configuration 2 has a slightly higher magnitude slope). On the other hand, only an
offsetis added, as seen in Figure 5.8 due to the higher starting lift caused by the flaps (discussed in Subsection
5.1.3).
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Figure 5.7: Horizontal tail moment coefficient versus angle of at- Figure 5.8: Wing moment coefficient versus angle of attack after
tack after take-off for MTOW and most aft CG position (T¢=0.368). take-off for MTOW and most aft CG position (T ¢=0.368).

5.1.2. TRIM

To explain the effect of propellers on the trim of the aircraft, Figure 5.9 and Figure 5.10 can be used. In Figure
5.9, the trimming of an aircraft without propeller effects is depicted. On the y-axis is the horizontal tail lift
coefficient and the x-axis shows the horizontal tail size (the scaling is not accurate, for illustration purposes).
A positive elevator deflection leads to a more positive lift coefficient (more negative moment coefficient) and
a negative elevator deflection does the opposite. For no elevator deflection, a horizontal tail has a positive
lift coefficient (unless the horizontal tail features a negative incidence angle), which increases with tail size,
as seen in Figure 5.9. To get the minimum needed horizontal tail size two extra curves can be added for
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maximum positive and negative elevator deflection, as done in Figure 5.9. These are the limits for the hori-
zontal tail lift coefficient. Then by putting in the needed lift coefficient and seeing where it interacts with the
maximum or minimum horizontal tail lift line, the minimum tail size can be received (Figure 5.9).

The same curve is presented but for an aircraft with a propeller in Figure 5.10. The dashed line depicts
the curve of the aircraft without a propeller and the solid line is for the propeller aircraft. Two factors play a
role in the curve. The first one is the downwash created. Propeller aircraft generate more downwash at the
horizontal tail, thus, the curves (also the maximum deflection curves) are scaled down, as less lift is generated
(or more negative lift). This increases the performance if the tail-off moment is negative (pitch down), while
reduces for positive tail-off moment (pitch up).
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Figure 5.9: Conceptual sketch of aileron deflection effect on
horizontal tail lift.

Figure 5.10: Conceptual sketch of aileron deflection effect on
horizontal tail lift with propeller effects.

The second effect is the dynamic pressure increase at the horizontal tail, which increases the slope mag-
nitude (depicted by a dotted line). This effect helps for both pitch-up and pitch-down tail-off moments.
However, the configurations analyzed did not have any increase in dynamic pressure (the horizontal tail was
not covered in the propeller slipstream for any flight conditions), thus, this is irrelevant for further discussion.

The minimum tail size (normalized) needed for different conditions and wing locations for Configuration
1 and 2 is presented in Figure 5.11. As can be seen, for conditions with high thrust setting the difference
between Configuration 1 and 2 increases. Moreover, the trim requirement increases with lower speed. Thus,
the most limiting condition is mostly stall speed (for the more forward wing, trim after take-off also becomes
more limiting for Configuration 1).
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Figure 5.11: Minimum horizontal area size for trim and different conditions, wing position, and configurations.
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The reader should note that for different wing positions different configurations are better. This is be-
cause propeller effects tend to increase the pitch-up moment of the aircraft (propeller normal force, extra
downwash generated). Thus, for a forward placed wing propeller effects will usually increase the needed tail
size, whereas for backward placed wing the tail size could be reduced. This effect can also be seen in Fig-
ure 5.11. Configuration 1 (solid lines) tail size increases much more with more aft wing position, whereas
the same happens for Configuration 2 (dashed lines) for a wing position at the front. This correlates to Fig-
ure 5.10, where the effectiveness of an aircraft with propeller effects increases with a negative lift coefficient
(more pitch up needed - aft wing position).

In general, one could expect a wing position where the needed horizontal tail size is zero (all moments
balanced). This is true when considering a single center of gravity position and weight. However, the analysis
was done with two different center of gravity locations (minimum and maximum) and aircraft mass (mini-
mum and maximum). Due to this, the kinks can be observed for the horizontal tail size, which is limited by
the highest minimum tail size needed for the four center of gravity possibilities. Finally, the reader should
note that the horizontal tail area for trim is much less limiting than the one needed for rotation and stability.
Thus, the designs discussed later are only limited by the rotation (controllability) and longitudinal stability.

5.1.3. ROTATION

While Configuration 1 is more stable, on the other hand, Configuration 2 showed a much better performance
at rotation, as seen in Figure 5.12. Besides reaching the required lift sooner, Configuration 2 also features a
lower pitch angle, as seen in Figure 5.13. This is beneficial considering the tail strike possibility.
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Figure 5.12: Aircraft lift coefficient during rotation for MTOW and  Figure 5.13: Aircraft pitch angle during rotation for MTOW and
most forward CG position (T¢=0.368, de,,,,=30°). most forward CG position (T¢=0.368, de,,,=30°).

The main reason, Configuration 2 has a better rotation performance, is the created lift at the start of
rotation, as seen in Figure 5.12 (the offset between the two curves). This is because the wing generates more
lift (and the wing is in front of main landing gear - generating more positive moment), as seen in Figure 5.14.
Due to this the rotation starts slightly sooner (as a positive pitching moment is reached sooner) and reaches a
higher initial angular acceleration (due to a higher net moment created), as depicted in Figure 5.15. The kink
seen in Figure 5.12 is due to the horizontal tail generating increasing negative lift (reduction in total lift) until
the aircraft starts to rotate (increasing total lift). Moreover, the zig-zag lines seen in Figure 5.15 are due to the
controller limiting the acceleration of the aircraft at about 6 deg/ s2 [10].

The higher lift is caused by the increased dynamic pressure in the propeller slipstream. At take-off the
propeller operates at high thrust settings, thus, a higher axial velocity is induced in the slipstream. This higher
lift due to the propeller slipstream can be seen in Figure 5.16. On the other hand, the propeller slipstream also
reduces the local angle of attack at the wing, reducing the lift generated, however, this effect is minimal at a
low pitch angle, as seen in Figure 5.17.

Finally, the slipstream affects the flaps and they also generate more lift, as seen in Figure 5.18. The slight
decrease observed for the Configuration 2 flap lift is due to the increasing pitch and the slipstream cover-
ing less of the wing. Adding the extra flap lift, extra lift due to dynamic pressure increase, and subtracting
the lift decrease due to the change in angle of attack, a net positive lift increase is observed - increasing the
performance of an aircraft with propeller effects.
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Figure 5.14: Wing lift coefficient during rotation for MTOW and Figure 5.15: Aircraft angular acceleration during rotation for
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Figure 5.18: Extra lift generated due to flaps for MTOW and most forward CG position (T ¢=0.368, e ,,,=30°).

5.1.4. ROLL

Regarding the roll performance, both configurations showed very similar results (Figure 5.19). However, Con-
figuration 1 has a slightly better performance. It should be noted that the roll was done at approach speed,
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as it is the most limiting condition due to low aerodynamic surface effectiveness (rolling at stall speed would
stall the aircraft completely), while the moment of inertia is the same.

The reason Configuration 2 has a slightly lower roll performance is the propeller damping, as seen in
Figure 5.20. Due to the roll motion, propellers generate normal force, which creates a moment acting against
the motion. Due to this the angular speed and angular acceleration (Figure 5.21 and Figure 5.22, respectively)
are slightly lower. Moreover, the parts of the wing covered in the propeller slipstream have a higher damping
force due to the higher dynamic pressure. However, these results do not diverge, as the aerodynamic damping
increases with higher roll speed. Thus, Configuration 1, stays close to Configuration 2. On the other hand, an
aircraft with distributed propellers will feature a higher propeller damping, as the moment arm increases.
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Figure 5.19: Aircraft bank angle during roll manoeuvre (T¢=0.254, Figure 5.20: Propeller damping during roll maneuver (T¢=0.254,
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Figure 5.21: Aircraft angular speed during roll manoeuvre Figure 5.22: Aircraft angular acceleration during roll manoeuvre
(T¢=0.254, §2=20°). (T¢=0.254, §2=20°).

5.2. FINAL CONFIGURATION RESULT COMPARISON

In this section, the optimal designs for each configuration are presented. In Figure 5.23, the minimal tail size
curves for different configurations and wing positions are shown. The optimal locations for all configura-
tions are where the rotation and stability lines intersect (for Configuration 1 this is around [0.42, 0.20], for
Configuration 2 - [0.44, 0.26], and for Configuration 3 - [0.42, 0.21]). In general, Configuration 1 is the most
stable, whereas aircraft with propeller effects (Configuration 2 and 3) feature a better rotation performance,
as also confirmed by Bouquet [9] for twin turboprop aircraft. Configuration 1 has the lowest tail ratio, closely
followed by Configuration 3; Configuration 2 has the highest tail ratio. This is due to the lower stability, which
is described in detail in later sections.
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An overview of the final designs (sized for smallest horizontal tail size) is given in Table 5.1. The wing is
more aft for Configuration 2 to compensate for the lower aircraft stability (more aft wing makes the aircraft
more stable but reduces rotational performance). Moreover, the aileron area ratio is highest for Configura-
tion 2 and 3. A more detailed explanation of each configuration’s performance for different flight qualities is
explained in the sections below.
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Figure 5.23: Minimal horizontal tail size for different wing positions and configurations.

Table 5.1: Aircraft parameters for each finalized configuration.

Parameter Values Normalization Normalized values
Configl | Config2 | Config3 Configl | Config2 | Config3
Wing position (m) 12.88 13.48 14.17 X/ Lfus 0.424 0.444 0.42
Tail area (mz) 12.72 16.44 31.68 Sh/Sw 0.20 0.26 0.21
Aileron area (m?) 3.36 3.97 9.18 Sa/Sw 0.052 0.062 0.062
Aileron span (m) 3.53 4.08 5.39 ba/by 0.26 0.29 0.26
Ly (kgm?) 135946 135946 | 1093578 Lex/m/by? 0.0063 0.0063 0.0082
Ly (kgm?) 733350 731474 | 2694020 Iyy/mllfus2 0.028 0.028 0.031

The three configurations are compared to two other similar aircraft in Table 5.2. The aircraft are ATR 72
and Bombardier Q400. Both aircraft are twin turboprop with similar wingspan. However, the fuselage of
Bombardier Q400 is longer than ATR 72. All aircraft have similar tail area ratios. Moreover, the tail volume
coefficients are also within the range. Notice that a longer fuselage increases the tail volume, which is the
case for real aircraft and configurations. This is because the fuselage is destabilizing, thus, due to a longer
fuselage the tail needs to be larger. The aileron dimensions are also similar between the aircraft. Keep in
mind that the aircraft have different aileron-to-chord ratios, thus, some difference between the aileron span
and aileron area is expected. Moreover, Configuration 3 features folding wing tips, which reduce the aileron
moment arm, but increase the force (larger wing surface affected by the aileron).

Table 5.2: Tail area, fuselage length, and tail volume coefficient for different aircraft [12].

Aircraft Sh/Sw | lfus/bw | Vi | Sa/Sw | ba/by
Config 1 0.20 1.10 1.31 | 0.052 0.26
Config 2 0.26 1.10 1.64 | 0.062 0.29
Config 3 0.21 0.80 1.03 | 0.062 0.26
ATR 72 0.19 1.00 1.13 | 0.074 0.26
Bombardier Q400 0.27 1.16 1.77 | 0.047 0.24

The loading diagrams for each configuration are presented in Figure 5.24, Figure 5.25, and Figure 5.26. It
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can be seen that the wing of the DEP aircraft is placed in front of the center of gravity (all CG points are aft
of 25% of the mean aerodynamic chord) while Configuration 1 features a wing placed close to the center of
gravity (some CG points are forward and aft of 25% of the mean aerodynamic chord). Moreover, uncommonly
for a DEP aircraft the center of gravity range is quite big. This is due to the reserve fuel tank being placed away
from the center of gravity (fuselage end).
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Figure 5.24: Configuration 1 loading diagram. Figure 5.25: Configuration 2 loading diagram.
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Figure 5.26: Configuration 3 loading diagram.

Finally, the reader should keep in mind that the graphs are discrete (Figure 5.23). Due to this, the best wing
position and horizontal tail size are not the optimal ones due to discretization. In Figure 5.27 this is shown.
Due to this, some results might seem that the horizontal tail can be even smaller (like the ones presented in
Subsection 5.2.3 for Configuration 1 and 2 where the rotation time is much smaller than 5 seconds). This is
because the selected point is on the left (Figure 5.27) and the most critical flight condition is stability while
there is some buffer for the rotation (reducing the rotation time more than needed). However, it should
be noted that the maximum difference between two neighboring wing positions is not more than 76 mm,
ensuring that the discretization error is small.
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Figure 5.27: Discretization and optimal value of the results.
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5.2.1. STABILITY

The moment curves of the final designs are presented in Figure 5.28. These are for lift-off (right after the
aircraft takes off), as it is the most limiting condition (for propeller aircraft). As can be seen, the curves have a
negative slope, thus, the aircraft are stable. Configuration 2 has a negative offset (compared to Configuration
1 and 3) due to the wing being placed more aft, as seen in Figure 5.29 (the wing generates higher magnitude
and negative moment). In Figure 5.29, also the forward center of gravity wing placement of Configuration 1
and 3 can be seen (positive slope).
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Figure 5.28: Moment curves of the final configurations for MTOW  Figure 5.29: Wing moment curves of the final configurations for
and most aft CG position (T¢, ,=0.368, T¢,;=0.352). MTOW and most aft CG position (T¢, ,=0.368, T, =0.352).

The horizontal tail moment contribution is presented in Figure 5.30. Keep in mind that these curves
are for the final designs. Thus, the low effectiveness of Configuration 3 tail is due to its size, as not much
is needed due to the low fuselage moment, as presented in Figure 5.31. This is because the DEP aircraft
features a relatively shorter fuselage (Table 5.2). Moreover, DEP aircraft propeller contribution to stability
is better than Configuration 2, as seen in Figure 5.32. This is due to the propellers being close to the wing
(more aft) and distributed (due to wing sweep outer propellers being more aft), as can be conceptually seen
in Figure 3.4 and Figure 3.6. Thus, the moment is lower than compared to a twin turboprop aircraft. In Figure
5.33, the downash curves are given. It can be seen that Configuration 3 has the highest downwash, reducing
the horizontal tail effectiveness, however, due to the low fuselage destabilizing moment and lower propeller
destabilizing moment, Configuration 3 is more stable than Configuration 2. On the other hand, Configuration
1is even still more stable with the higher fuselage contribution. This is also in line with Kim’s work [36] where
the authors state that the DEP aircraft stability is worse due to the propeller normal force. However, the
downwash contribution is not mentioned in the article.
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Figure 5.32: Propeller moment curves of the final configurations Figure 5.33: Downwash curves of the final configurations for
for MTOW and most aft CG position (T¢, ,=0.368, Tcy=0.352). MTOW and most aft CG position (T¢,y ,=0.368, Ty =0.352).

5.2.2. TrRIM

Trim is not the limiting condition for the horizontal tail sizing (Figure 5.23), however, in this section, it will be
analyzed to see the difference between trimming a DEP aircraft to a twin turboprop aircraft. To begin with,
it's important to note that the DEP aircraft possess a shorter center of gravity range, which is positioned closer
to the aerodynamic center (Figure 5.26). This lowers the trim requirement, as a lower debalancing moment
is generated, however, the fuselage and the wing generate a moment (even if the wing aerodynamic center
coincides with the center of gravity). Thus, even with an aerodynamic center close to the wing, there is still
some moment to be balanced by the horizontal tail.

The minimum horizontal tail areas for different wing positions and conditions are presented for Config-
uration 2 and 3 in Figure 5.34. For both Configurations stall speed is the most limiting condition. This is
limiting, as at low speed the aircraft tends to pitch up (high fuselage moment). Thus, the horizontal tail needs
to generate positive lift to pitch down, however, due to the downwash created (and the extra downwash due
to propellers) this is harder to reach (downwash generates negative lift). That is why the propeller aircraft
have stall speed as limiting condition.
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Figure 5.34: Minimum horizontal tail size for trim and different conditions, wing position, and configurations.

Interestingly, the stall speed without thrust becomes more limiting at more aft-placed wings. This is be-
cause the aft-placed wing generates a pitching down moment, meaning that it becomes larger than the fuse-
lage moment and the aircraft has a tendency to pitch down. At this point the downwash contribution is good,
however, with no thrust, there is less downwash generated. This is why the Configuration 3 trim performance
can be seen to increase for more aft positions (lower slope) due to the higher downwash generated.
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5.2.3. ROTATION

The results for rotation can be seen in Figure 5.35. Note that the final time is sensitive to the horizontal tail
size, and a small increase in horizontal tail size can lead to a much lower take-off time. Looking at the results it
can be seen that the DEP aircraft can take-off at an even lower pitch angle (reducing probability of tail strike).
Looking at Figure 5.36 it can be seen that the configurations with propeller effects feature a higher starting lift,
which was explained before. However, interestingly Configuration 2 and 3 feature a similar starting lift. This is
because the increase in slipstream-induced lift over the wing (Figure 5.37) is compensated by the slipstream
flap-induced lift (Figure 5.38). Configuration 2 features a bigger propeller positioned over the flap, thus, flap
lift is higher than for Configuration 3. Moreover, the induced lift loss due to the change in the angle of attack
in the propeller slipstream, also adds to this. The loss in lift due to changes in angle of attack is higher for
Configuration 3 than for Configuration 2. Due to this, the net extra starting lift is the same for Configurations
2and 3.
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5.2.4. ROLL

For the roll, a high thrust condition with approach speed was selected. Stall speed is not possible, as one side
would completely stall. As mentioned before, the lowest speed is the most limiting for roll, as the aerodynamic
effectiveness decreases while the aircraft mass inertia stays the same. Moreover, the damping scales with
speed, while the aileron moment with the square of speed. Thus, approach speed was selected. High thrust
setting (the same as for the initial climb is selected), as propellers add damping (higher dynamic pressure
over the wing increases damping).
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The bank angle in time during roll for the three configurations is shown in Figure 5.39. Note that the
requirement for Configuration 3 is lower (this is because the aircraft is heavier than 30 tons [10]). Moreover,
the batteries are placed up to 34% of the half span to have the lowest possible moment of inertia (Figure 3.7).
It can be seen in Figure 5.40 and Figure 5.41 that the DEP aircraft features a lower roll speed and acceleration,
which is expected due to the 30% higher rolling inertia (Table 5.1). In addition, the propeller damping is
much higher (Figure 5.43) even with the lower roll rate. Due to this, the total rolling damping is higher, as
seen in Figure 5.44. However, this lower rolling performance is also with a more effective aileron (Figure 5.42)
to compensate for the extra damping and moment of inertia.
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Figure 5.39: Bank angle of the configurations at roll (T¢, ,=0.254,  Figure 5.40: Rolling speed of the configurations atroll (T¢, ,=0.254,
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5.2.5. LONGITUDINAL DYNAMIC PERFORMANCE

In addition to ensuring static stability, it is crucial that the final designs also exhibit dynamic stability. The
ranges of short-period and phugoid frequency and damping, along with the static margin range, are pre-
sented in Table 5.3 for all final configurations. Exact numbers for each flight condition, configuration, and
mass distribution can be found in Appendix B. Upon examining the set requirements outlined in Chapter 2,
it is evident that all configurations meet the suggested requirement for the short-period damping. However,
the phugoid damping for some flight conditions is too low (mainly high-speed flight). It is important to note
that these requirements are recommendations rather than strict mandates. Therefore, they can be surpassed
for certification purposes. Nonetheless, a more comprehensive analysis is recommended for the short period
and phugoid, or its consideration should be incorporated into the aircraft’s tail-sizing process.

Table 5.3: Longitudinal dynamic motion frequency and damping for final configurations.

Parameter Config 1 Config 2 Config 3
. Natural frequency (rad/s) | 0.525-3.172 | 0.674-4.180 | 0.579 - 3.085
Short period .
Damping 0.477-1.061 | 0.417-1.134 | 0.455-1.217
Phugoid Natural frequency (rad/s) | 0.078-0.258 | 0.078-0.258 | 0.077 - 0.243
8 Damping 0.035-0.096 | 0.035-0.096 | 0.029 - 0.085
Static Margin 0.0176-0.280 | 0.0150-0.514 | 0.0167-0.246

The short period frequency is affected by static longitudinal stability, dynamic pressure, and the pitching
moment of inertia [56]. Due to this, the lowest short period frequency is observed at low speeds for all con-
figurations (lower dynamic pressure leads to lower frequency). All configurations have a similar normalized
pitch moment of inertia (Configuration 3 has a slightly higher pitch moment of inertia due to the reserve fuel
tank in the aft of the fuselage); thus, this does not bring any major differences. Finally, the frequency increases
with a more negative moment slope—a higher static margin. As can be seen in Table 5.3, the maximum static
margin values correspond to the short period maximum frequencies. The static margin is discussed later in
this section.

The short period damping is also affected by the static margin. The main aircraft parameter affecting the
short period damping is the aircraft dynamic damping [56]. This is mainly affected by the horizontal tail, as
discussed in Chapter 3. Thus, an effective tail (high static margin) leads to much higher damping. This trend
can also be observed in the results presented in Table 5.3.

For phugoid, the aircraft mass or center of gravity location does not have an effect. The phugoid shows
how effectively the aircraft exchanges kinetic energy for potential energy and vice versa [56]. This means
that the damping of the phugoid is highest when the lift-to-drag ratio is lowest. This is also the case for the
final designs, where the highest damping is observed at approach or stall speed (flaps, gear extended). On
the contrary, the lowest phugoid damping is observed at cruise speed, where the lift-to-drag ratio is highest.
Note that the damping ratio for Configuration 3 is lower, meaning that the lift-to-drag ratio is higher. This is
true; however, this is not due to propeller effects. The better lift and drag performance of a DEP aircraft is not
accounted for in this study; thus, the higher lift-to-drag ratio comes from a different aircraft geometry. This is
also verified by Configurations 1 and 2 having the same phugoid damping ratio.

The phugoid frequency is tied to the aircraft speed and is not related to any geometric or performance
property [56]. A higher speed decreases the frequency. For all configurations, the lowest phugoid frequency
is observed at dive speed. The highest frequency happens at stall speed for all configurations.

Additionally, static margins were checked, which affect short period values [56]. All of the static margins
are positive, meaning that all configurations are stable. The lowest static margin is observed at the most crit-
ical condition for stability, for which the horizontal tail is sized. Thus, these are determined by the horizontal
tail size. On the other hand, the maximum values show the difference in the final designs. One can see that
Configuration 2 has the highest static margin. This is because the aircraft is sized for the most limiting con-
ditions. The aircraft suffers from destabilizing propeller effects; thus, the horizontal tail size is increased and
the wing is shifted back. On the other hand, in cruise, the propellers do not operate at high thrust settings;
thus, they are less destabilizing. Due to this, the stability of the aircraft increases as the horizontal tail is over-
sized or the wing is too much shifted back. On the other hand, one can notice that the DEP aircraft features
the lowest maximum static margin. This is because the wing is positioned very close to the center of gravity
(Figure 5.26). Due to this, the wing does not affect the moment much, so the moment slope of the aircraft
stays small while the lift slope remains the same.
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5.3. DISTRIBUTED PROPULSION AIRCRAFT SENSITIVITY ANALYSIS

In this section, sensitivity analysis is performed for the DEP aircraft (Configuration 3). This is done based
on three parameters. One of them is the horizontal-tail vertical position. This is done to see what could
be an optimal tail configuration for a DEP aircraft. Three configurations are analyzed: T-tail, crucifix tail,
and conventional tail. The second sensitivity analysis is done on battery distribution on the wing. A battery
distributed along the whole wing span would be beneficial for the structure of the wing; however, the roll
performance would suffer. The goal is to see if the aircraft is still capable of reaching the rolling requirement
with the span reserved for the aileron or what would be the maximum length until the battery could be placed
to meet the rolling requirement. Finally, the sensitivity of the reserve fuel position is analyzed to see the
benefits of moving the fuel tank to the middle of the fuselage.

5.3.1. HORIZONTAL TAIL POSITION

To find the best horizontal tail configuration and the impact of the vertical position of the horizontal tail, a
sensitivity analysis was performed. This was done by introducing three tail configurations: T-tail (original),
crucifix and conventional. The longitudinal positional of all tail configurations was kept the same; T-tail was
positioned at 92% of the vertical tail, crucifix - at 46%, and conventional tail was positioned at 0%.

The results for different tail configurations are presented in Figure 5.45; it can be seen that the T-tail per-
forms the best. The cruciform tail and conventional tails perform similarly, featuring slightly bigger horizon-
tal tail size. The aircraft becomes more stable with increasing horizontal tail height. Additionally, a better
rotation performance for a conventional tail is observed.

—— Stability: T-Tail

— Trim: T-Tail

—— Rotation: T-Tail

---- Stability: Cruciform Tail

--—- Trim: Cruciform Tail

---- PRotation: Cruciform Tail
Stability: Conventional Tail
Trim: Conventional Tail
Rotation: Conventional Tail
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Figure 5.45: Minimal horizontal tail size for different horizontal tail configurations.

The conventional tail has the best performance for rotation, as seen in Figure 5.46. This is because the
tail is covered in the propeller slipstream for the whole rotation maneuver, as seen in Figure 5.48 - at the start
and as seen in Figure 5.49 - at the end. Due to this, an increase in down lift generated by the horizontal tail is
observed (Figure 5.47 and Figure 5.50). This causes the aircraft to rotate faster (Figure 5.51). In contrast, the
crucifix tail is barely in the slipstream at the end of the rotation, as seen in Figure 5.52. Thus, the T-tail and
crucifix tail do not benefit from the propeller slipstream at take-off for the presented configurations.

For stability, the propeller slipstream helps, as it increases the effectiveness of the tail. However, the hor-
izontal tail cannot be in the slipstream for all angles of attack (unless the slipstream is very big). Due to this,
the horizontal tail effectiveness is increased for certain angles of attack. This can be seen in Figure 5.53 and
Figure 5.54. The conventional tail features a much steeper slope until high angles of attack where it exits the
slipstream. As seen in Figure 5.55, the conventional tail at a low angle of attack is covered in the propeller
slipstream, and in Figure 5.56 the aircraft tail is still in the slipstream at a high angle of attack. However, the
aircraft should be stable for all operational angles of attack, thus, the limiting condition is when the horizontal
tail is outside the slipstream.
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Figure 5.47: Config 3 total lift at rotation for different tail con-
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Figure 5.49: Slipstream of conventional tail configuration at the end of rotation (Config 3).
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Figure 5.52: Slipstream of crucifix tail configuration at the end of rotation (Config 3).
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Figure 5.55: Slipstream of conventional tail configuration after take-off at low angle of attack (Config 3).
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Figure 5.56: Slipstream of conventional tail configuration after take-off at high angle of attack (Config 3).

Similarly, the crucifix tail starts entering the slipstream at a medium angle of attack, as seen in Figure 5.57
and the T-tail only enters the slipstream at high angles of attack, as seen in Figure 5.58. However, once again
the aircraft has to be stable for all flight angles, thus, the slipstream does not reduce the overall horizontal tail
size.

The reason why the curves decrease (Figure 5.45) with horizontal tail height is the downwash generated.
A higher downwash, as seen in Figure 5.59, reduces the horizontal tail effectiveness. Due to this, a larger tail
is needed even if the slipstream covers the horizontal tail for a wider range of operational angles. To get the
benefits of a slipstream for stability, the aircraft’s horizontal tail has to be covered in it for all flight angles.
However, this is not the case for the analyzed aircraft. Moreover, in case of engine failure, the aircraft should
be stable even without the slipstream acting on the tail. Finally, due to the wing wake not accounting for
the flow separation at higher angles of attack, a future study could be done on the horizontal tail position
including the separation, as this would have an effect on different tail configurations.
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Figure 5.57: Slipstream of crucifix tail configuration after take-off at medium angle of attack (Config 3).
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Figure 5.58: Slipstream of T-tail configuration after take-off at high angle of attack (Config 3).

Downwash, ¢ (deg)

| — TTail

---- Cruciform Tail
Conventional Tail

Angle of Attack, a (deg)

6

10

Figure 5.59: Config 3 downwash curve after take-off for different tail configurations for MTOW and most aft CG position (T¢=0.352).
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5.3.2. BATTERY PLACEMENT

The effect of having batteries distributed along the whole span is discussed in this section. Note that the the
aircraft has folding tips, thus, the batteries are only placed until the folding tip (also, the aileron is up to the
folding tip). It can be seen in Table 5.4, that due to the batteries being placed more outside, the roll moment of
inertia increases almost three times. Note that this significant increase is due to the significant battery mass
and the quadratic scaling of the distance from the fuselage axis.

Table 5.4: Normalized roll moment of inertia for original, full span, and calibrated battery placement.

Original battery | Full span battery | Calibrated battery
[ L 0.0082 0.0223 0.0136

An aileron sizing was done for an aircraft with batteries placed along the whole span (until folding wing
tips) and the results are presented in Figure 5.60. As can be seen in both configurations reach a 30° bank angle
within 2 seconds. Moreover, the full span battery density is about 1038 kg/m?3, meaning that the battery can
be put twice as sparsely. On the other hand, the aileron inboard edge does exceed the limit (58.6% spanwise
position, as the inboard part is reserved for flaps - Figure 3.7). The aileron inboard edge is at 52.5%, making
the design infeasible (or if this aileron positioning would be used, there would be less space for flaps).

Of course, the higher moment of inertia of the full-span battery leads to a lower acceleration at first (Figure
5.61). However, once the aileron reaches peak moment, as seen in Figure 5.62, the full span battery aircraft
loses its acceleration slower, as the aircraft features a lower roll damping (Figure 5.63) due to the lower initial
acceleration. Because of this the full-span battery aircraft catches up to the original configuration.
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In order to find the best battery placement for the structure while meeting the roll requirement, its place-
ment was adjusted to receive an aileron size at the limit. The limiting case is when the battery is placed up
to 55% of the wing span (the original battery is placed up to 34% of the span). The normalized inertia for this
case is presented in Table 5.4. As can be seen, the inertia increases by about 65% compared to the original
battery placement. The density of the battery system is 1380 kg/m?3. This features, the same behaviour of the
aircraft, as discussed above only with different magnitudes of moments and accelerations.

5.3.3. FUEL PLACEMENT

For the original Configuration 3 the reserve fuel is placed in the back of the fuselage. While the fuel mass is
not high (about 1% of aircraft mass), the large distance from the center of gravity, shifts it back. This is not
good for the stability of an aircraft. Thus, the goal of this section is to see what impact the positioning of the
fuel closer to the center of gravity has on the size of the tail. To see this the fuel was placed in the middle of
the fuselage and the results were compared to the original configuration, as seen in Figure 5.64.
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Figure 5.64: Minimal horizontal tail size for different fuel positions for Config 3.

The results indicate that in fact, the stability increases (lower tail size needed) for the aircraft with fuel
placed in the middle. Due to this the tail size can be reduced by about 10%. There is no effect observed for
rotation, as this is done by the most forward center of gravity location. As seen in Figure 5.65, this is not
affected. For trim a slight difference is observed for forward wing positions, as moving the most aft center of
gravity forward increases the tail arm and reduces the wing moment, thus, a reduction is observed. Note that
the reserve fuel tank can be placed in the nose of the aircraft, further increasing stability, however, this would
shift the most forward center of gravity location, reducing rotation performance.
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Figure 5.65: Loading diagram of Config 3 with fuel placed in the middle (shaded is the original).



CONCLUSION AND RECOMMENDATIONS

The conclusion and recommendations for future work are presented in this chapter. The primary objective
of this study was to determine the minimum size required for the horizontal tail (including elevator) and
aileron of a distributed propulsion aircraft, ensuring compliance with regulatory and recommended stan-
dards. This involved the creation of a low/medium fidelity model to estimate the aerodynamic forces acting
on the aircraft, encompassing propeller forces and their effects, and to appropriately size the horizontal tail
and aileron. The model operated by predicting the forces and moments produced by various aerodynamic
surfaces, considering the alterations induced by the propeller on these surfaces. Noteworthy limitations of
the model include its treatment of wing wake modeling and the absence of consideration for sideslip in roll
motion. Despite these constraints, the model yielded results consistent with actual aircraft specifications,
rendering it suitable for preliminary design purposes. The model could be even used for further design phases
if the recommendations, mentioned below, are included in the model.

6.1. CONCLUSION

Firstly, propeller effects on an aircraft’s stability and control were identified by comparing Configuration 1
(twin turboprop aircraft with no propeller interaction effects and out-of-plane forces) with Configuration 2
(twin turboprop with propeller effects). It was determined that propeller effects negatively impact aircraft
stability, mainly due to the propeller-induced normal force acting ahead of the center of gravity, creating an
additional destabilizing moment. Furthermore, propellers introduce extra downwash, reducing the effective-
ness of the horizontal tail. Consequently, flight conditions for a propeller aircraft are limited by high thrust
and low speed. However, propeller effects enhance the rotational performance of an aircraft by increasing
the initial lift of the wing and aiding in generating a higher pitching-up moment during rotation.

Horizontal tail sizing for different wing locations was performed for all three configurations, now incor-
porating a Distributed Electric Propulsion (DEP) aircraft, to identify the optimal wing location and horizontal
tail size. The sizing process revealed that Configuration 3 (DEP aircraft) exhibits greater stability than Config-
uration 2, attributed to the closer placement of distributed propellers on the wing, with outboard propellers
positioned more aft due to the sweep. The DEP aircraft’s relatively shorter fuselage, despite a larger wing, re-
sults in a lower normalized pitching-up moment and a reduced horizontal tail size. Although the DEP aircraft
features slightly higher downwash than Configuration 2, the short fuselage prevents a significant increase in
horizontal tail size. Nevertheless, the DEP aircraft still has a larger normalized tail size compared to Configu-
ration 1, which lacks destabilizing propeller effects.

In terms of rotation performance, configurations 2 and 3 exhibited similar results, with both having higher
initial wing lift for faster rotation. Configuration 3 had a slightly higher normalized inertia due to a fuel tank
positioned at the rear of the fuselage, but this did not significantly impact rotation time.

A brief analysis of the longitudinal dynamic stability performance showed that all configurations met the
minimum short period damping requirement, but phugoid damping was relatively low, particularly for the
DEP aircraft. Although the requirement is only recommended, increasing the damping ratio would compro-
mise lift-to-drag ratio and overall aircraft performance.

An analysis of the horizontal tail position for a DEP aircraft indicated that a T-tail is the optimal choice for
improved stability, despite a conventional tail performing better during rotation. The T-tail’s advantage lies
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in experiencing smaller downwash at the horizontal tail. Additionally, increased horizontal tail effectiveness
was observed when the slipstream covered it, but this effect was not consistent for all angles of attack, with
the limiting case occurring when the horizontal tail is outside the slipstream.

The DEP aircraft demonstrated lower roll performance due to two main factors: a higher normalized
moment of inertia (approximately 30% greater) due to heavy batteries and distributed propellers, and sig-
nificant damping generated by the outboard propellers due to their large moment arm. Despite a lower roll
requirement (attributed to a higher take-off mass), the aircraft necessitated the same normalized aileron size
as Configuration 2. An analysis was conducted to assess aileron size when batteries were distributed along
the entire span of the wing, revealing that the aircraft could still meet the rolling requirement, although the
aileron exceeded the lower span limit reserved for flaps. In the event of placing the aileron along the entire
reserved wing span, the battery placement could extend up to 55% of the wingspan instead of the original
34%. Lastly, an analysis of the Configuration 3 reserve fuel tank suggested that the tail size could be further
reduced by 10% if the fuel tank were placed in the middle of the fuselage.

In summary, the DEP aircraft features a 19% smaller horizontal tail size compared to a twin turboprop
aircraft with propeller effects. However, the normalized aileron size remains unaffected, given the lower roll
requirement but higher roll damping and moment of inertia for the original, inboard battery placement.

6.2. RECOMMENDATIONS
In this section, the following recommendations for future studies are outlined:

* Implement a more advanced modeling technique for wing wake to account for separation, particularly
at higher angles of attack where separated flow may impact the horizontal tail.

* Conduct a comprehensive study, incorporating more accurate wing wake modeling, to assess aircraft
stability at high angles of attack and varying horizontal tail vertical positions.

* Enhance the modeling technique for propeller downwash by considering the mutual influence of sep-
arate propellers on each other’s downwash, instead of assuming a simple average acting on the hori-
zontal tail along with the wing downwash.

* Integrate the modeling of the reduction in downwash near the ground to accurately depict slipstream
trajectory and horizontal tail effectiveness, for more accurate rotation results.

* Consider employing higher-fidelity methods for estimating fuselage and wing moments to enhance the
accuracy of moment predictions.

¢ Increase the model’s accuracy by utilizing an external aerodynamic tool (e.g., AVL) or a database of
aerodynamic data, especially at higher angles of attack where the linear lift slope assumption may lead
to inaccuracies.

¢ Include rolling moment due to sideslip to achieve more precise roll results, potentially introducing
extra damping to the roll maneuver.

* Incorporate horizontal tail sizing for short period and phugoid into the minimal horizontal tail estima-
tion for a more comprehensive analysis.

 Explore the possibility of analyzing lower phugoid damping to maintain higher aerodynamic efficiency.

e Conduct further analysis on reducing flap area or incorporating flaperons to facilitate optimal battery
placement across the entire wing and reduce structural weight.
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CS 25.143 General

(@) The aeroplane must be safely controllable and manoeuvrable during:
(1) take-off;
(2) climb;
(3) level flight;
(4) descent;
(5) approach and go-around; and
(6) approach and landing.

(b) It must be possible to make a smooth transition from one flight condition to any other flight con-
dition without exceptional piloting skill, alertness, or strength, and without danger of exceeding
the aeroplane limit-load factor under any probable operating conditions, including:

(1) The sudden failure of the critical engine;

(2) For aeroplanes with three or more engines, the sudden failure of the second critical engine
when the aeroplane is in the en-route, approach, or landing configuration and is trimmed
with the critical engine inoperative; and

(3) Configuration changes, including deployment or retraction of deceleration devices; and
(4) Go-around manoeuvres with all engines operating. The assessment must include, in addi-
tion to controllability and manoeuvrability aspects, the flight crew workload and the risk of a
somatogravic illusion.
(h) The manoeuvring capabilities in a constant speed coordinated turn at forward centre of gravity,

as specified in the following table, must be free of stall warning or other characteristics that might
interfere with normal manoeuvring.

Configuration | Speed M.a noeuviing bank angle Thrust/power setting
in a coordinated turn
Take-off Vo 30° Asymmetric wat-limited
Take-off Vo +xx 40° All engines operating climb
En-route Vrro 40° Asymmetric wat-limited
Landing VREF 40° Symmetric for - 3° flight path angle

CS 25.147 Directional and lateral control

(a) It must be possible, with the wings level, to yaw into the operative engine and to safely make
a reasonably sudden change in heading of up to 15° in the direction of the critical inoperative
engine. This must be shown at 1.3 VSR1, for heading changes up to 15° (except that the heading
change at which the rudder pedal force is 667 N (150 Ibf) need not be exceeded), and with —
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(1) The critical engine inoperative and its propeller (if applicable) in the minimum drag position;

(2) The power required for level flight at 1.3 Vgg;, but not more than maximum continuous
power;

(3) The most unfavourable centre of gravity;
(4) Landing gear retracted;

(5) Wing-flaps in the approach position; and
(6) Maximum landing weight.

(b) Aeroplanes with four or more engines must meet the requirements of sub-paragraph (a) of this
paragraph except that —

(1) The two critical engines must be inoperative with their propellers (if applicable) in the mini-
mum drag position;
(3) The wing-flaps must be in the most favourable climb position.
(c) Itmustbe possible to make 20° banked turns, with and against the inoperative engine, from steady
flight at a speed equal to 1.3 Vgg;, with —
(1) The critical engine inoperative and its propeller (if applicable) in the minimum drag position;
(2) The remaining engines at maximum continuous power;
(3) The most unfavourable centre of gravity;
(4) Landing gear both retracted and extended;
(5) Wing-flaps in the most favourable climb position; and
(6) Maximum take-off weight;
(d) With the critical engine inoperative, roll response must allow normal manoeuvres. Lateral control

must be sufficient, at the speeds likely to be used with one engine inoperative, to provide a roll
rate necessary for safety without excessive control forces or travel.

(e) Aeroplanes with four or more engines must be able to make 20° banked turns, with and against
the inoperative engines, from steady flight at a speed equal to 1.3 Vgg;, with maximum continu-
ous power, and with the aeroplane in the configuration prescribed by sub-paragraph (b) of this
paragraph.

(f) With the engines operating, roll response must allow normal manoeuvres (such as recovery from
upsets produced by gusts and the initiation of evasive manoeuvres). There must be enough excess
lateral control in sideslips (up to sideslip angles that might be required in normal operation), to
allow a limited amount of manoeuvring and to correct for gusts. Lateral control must be enough
at any speed up to Vrc/Mpgc to provide a peak roll rate necessary for safety, without excessive
control forces or travel.

CS 25.149 Minimum control speed

(b) Ve is the calibrated airspeed, at which, when the critical engine is suddenly made inoperative,
it is possible to maintain control of the aeroplane with that engine still inoperative, and maintain
straight flight with an angle of bank of not more than 5°.

() Vpc may not exceed 1.13 Vgg with —

(1) Maximum available take-off power or thrust on the engines;

(2) The most unfavourable centre of gravity;

(3) The aeroplane trimmed for take-off;

(4) The maximum sea-level take-off weight (or any lesser weight necessary to show Vyc);

(5) The aeroplane in the most critical take-off configuration existing along the flight path after
the aeroplane becomes airborne, except with the landing gear retracted;

(6) The aeroplane airborne and the ground effect negligible; and
(7) If applicable, the propeller of the inoperative engine —
(i) Windmilling;
(ii) Inthe most probable position for the specific design of the propeller control; or
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(d)

(e

()

(g

(iii) Feathered, if the aeroplane has an automatic feathering device acceptable for showing
compliance with the climb requirements of CS 25.121.

The rudder forces required to maintain control at V¢ may not exceed 667 N (150 1bf) nor may it
be necessary to reduce power or thrust of the operative engines. During recovery, the aeroplane
may not assume any dangerous attitude or require exceptional piloting skill, alertness, or strength
to prevent a heading change of more than 20°.

Vamce, the minimum control speed on the ground, is the calibrated airspeed during the take-off
run at which, when the critical engine is suddenly made inoperative, it is possible to maintain
control of the aeroplane using the rudder control alone (without the use of nose-wheel steering),
as limited by 667 N of force (150 1bf), and the lateral control to the extent of keeping the wings level
to enable the take-off to be safely continued using normal piloting skill. In the determination of
Vmce, assuming that the path of the aeroplane accelerating with all engines operating is along the
centreline of the runway, its path from the point at which the critical engine is made inoperative to
the point at which recovery to a direction parallel to the centreline is completed, may not deviate
more than 9.1 m (30 ft) laterally from the centreline at any point. Vj;cg must be established, with

(1) The aeroplane in each take-off configuration or, at the option of the applicant, in the most
critical take-off configuration;

(2) Maximum available take-off power or thrust on the operating engines;

(3) The most unfavourable centre of gravity;

(4) The aeroplane trimmed for take-off; and

(5) The most unfavourable weight in the range of take-off weights.
Vumcr, the minimum control speed during approach and landing with all engines operating, is the
calibrated airspeed at which, when the critical engine is suddenly made inoperative, it is possible

to maintain control of the aeroplane with that engine still inoperative, and maintain straight flight
with an angle of bank of not more than 5°. V¢ must be established with —

(1) The aeroplane in the most critical configuration (or, at the option of the applicant, each con-
figuration) for approach and landing with all engines operating;

(2) The most unfavourable centre of gravity;

(3) The aeroplane trimmed for approach with all engines operating;

(4) The most unfavourable weight, or, at the option of the applicant, as a function of weight;

(5) For propeller aeroplanes, the propeller of the inoperative engine in the position it achieves
without pilot action, assuming the engine fails while at the power or thrust necessary to main-
tain a 3 degree approach path angle; and

(6) Go-around power or thrust setting on the operating engine(s).

For aeroplanes with three or more engines, V;cr—2, the minimum control speed during approach
and landing with one critical engine inoperative, is the calibrated airspeed at which, when a sec-
ond critical engine is suddenly made inoperative, it is possible to maintain control of the aero-
plane with both engines still inoperative, and maintain straight flight with an angle of bank of not
more than 5°. V-2 must be established with —

(1) The aeroplane in the most critical configuration (or, at the option of the applicant, each con-
figuration) for approach and landing with one critical engine inoperative;

(2) The most unfavourable centre of gravity;

(3) The aeroplane trimmed for approach with one critical engine inoperative;

(4) The most unfavourable weight, or, at the option of the applicant, as a function of weight;

(5) For propeller aeroplanes, the propeller of the more critical engine in the position it achieves
without pilot action, assuming the engine fails while at the power or thrust necessary to main-
tain a 3 degree approach path angle, and the propeller of the other inoperative engine feath-
ered;

(6) The power or thrust on the operating engine(s) necessary to maintain an approach path angle
of 30 when one critical engine is inoperative; and
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(7) The power or thrust on the operating engine(s) rapidly changed, immediately after the sec-
ond critical engine is made inoperative, from the power or thrust prescribed in subparagraph
(g)(6) of this paragraph to -

(i) Minimum power or thrust; and
(ii) Go-around power or thrust setting.

CS 25.161 Trim

(@

(b)

(c)

(d)

(e

Each aeroplane must meet the trim requirements of this paragraph after being trimmed, and with-
out further pressure upon, or movement of, either the primary controls or their corresponding
trim controls by the pilot or the automatic pilot.

The aeroplane must maintain lateral and directional trim with the most adverse lateral displace-
ment of the centre of gravity within the relevant operating limitations, during normally expected
conditions of operation (including operation at any speed from 1.3 Vgg;, to Vaso/Mu0)-

The aeroplane must maintain longitudinal trim during -

(1) A climb with maximum continuous power at a speed not more than 1.3 Vgg;, with the landing
gear retracted, and the wing-flaps (i) retracted and (ii) in the take-off position;

(2) Either a glide with power off at a speed not more than 1.3 Vgg;, or an approach within the
normal range of approach speeds appropriate to the weight and configuration with power
settings corresponding to a 3° glidepath, whichever is the most severe, with the landing gear
extended, the wing-flaps retracted and extended, and with the most unfavourable combina-
tion of centre of gravity position and weight approved for landing; and

(3) Level flight at any speed from 1.3 Vgg;, to Vj;/Mpso, with the landing gear and wing-flaps
retracted, and from 1.3 Vgg; to Vi g with the landing gear extended.

The aeroplane must maintain longitudinal, directional, and lateral trim (and for lateral trim, the
angle of bank may not exceed 5°) at 1.3 Vs, during the climbing flight with —

(1) The critical engine inoperative;

(2) The remaining engines at maximum continuous power; and

(3) The landing gear and wing-flaps retracted.

Each aeroplane with four or more engines must also maintain trim in rectilinear flight with the
most unfavourable centre of gravity and at the climb speed, configuration, and power required by
CS 25.123(a) for the purpose of establishing the en-route flight path with two engines inoperative.

CS 25.171 General

The aeroplane must be longitudinally, directionally and laterally stable in accordance with the provi-
sions of CS 25.173 to 25.177. In addition, suitable stability and control feel (static stability) is required
in any condition normally encountered in service, if flight tests show it is necessary for safe operation.

CS 25.173 Static longitudinal stability
Under the conditions specified in CS 25.175, the characteristics of the elevator control forces (including
friction) must be as follows:

(@)

(b)

A pull must be required to obtain and maintain speeds below the specified trim speed, and a push
must be required to obtain and maintain speeds above the specified trim speed. This must be
shown at any speed that can be obtained except speeds higher than the landing gear or wing flap
operating limit speeds or Vrc/MFpc, whichever is appropriate, or lower than the minimum speed
for steady unstalled flight.

The airspeed must return to within 10% of the original trim speed for the climb, approach and
landing conditions specified in CS 25.175(a), (c) and (d), and must return to within 7.5% of the
original trim speed for the cruising condition specified in CS 25.175(b), when the control force is
slowly released from any speed within the range specified in sub-paragraph (a) of this paragraph.

CS 25.177 Static directional and lateral stability

(@

The static directional stability (as shown by the tendency to recover from a skid with the rudder
free) must be positive for any landing gear and flap position and symmetrical power condition, at
speeds from 1.13 Vgp, up to Vpg, ViE, or Vrc/MEc (as appropriate).
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(b) The static lateral stability (as shown by the tendency to raise the low wing in a sideslip with the
aileron controls free) for any landing gear and wingflap position and symmetric power condition,
may not be negative at any airspeed (except that speeds higher than Vg need not be considered
for wingflaps extended configurations nor speeds higher than V; g for landing gear extended con-
figurations) in the following airspeed ranges:

(1) From 1.13 Vgg; to Vaso/Muyo.
(2) From Vy;0/Mp0 to VEc/MEc, unless the divergence is —
(i) Gradual;
(ii) Easily recognisable by the pilot; and
(iii) Easily controllable by the pilot

CS 25.181 Dynamic stability

(a) Any short period oscillation, not including combined lateral-directional oscillations, occurring
between 1.13 Vgg and maximum allowable speed appropriate to the configuration of the aero-
plane must be heavily damped with the primary controls —

(1) Free; and
(2) In afixed position.
(b) Any combined lateral-directional oscillations (‘Dutch roll’) occurring between 1.13 Vgr and maxi-
mum allowable speed appropriate to the configuration of the aeroplane must be positively damped

with controls free, and must be controllable with normal use of the primary controls without re-
quiring exceptional pilot skill.

CS 25.237 Wind velocities

(a) The following applies:

(1) A 90° cross component of wind velocity, demonstrated to be safe for take-off and landing,
must be established for dry runways and must be atleast 37 km/h (20 kt) or 0-2 Vggg, whichever
is greater, except that it need not exceed 46 km/h (25 kt).

CS 25.253 High-speed characteristics

(b) Vrc/MFc. Vrc/MEc is the maximum speed at which the requirements of CS 25.143(g), 25.147(f),
25.175(b)(1), 25.177(a) through (c), and 25.181 must be met with wing-flaps and landing gear re-
tracted. Except as noted in CS 25.253(c), Vrc/Mpc may not be less than a speed midway between
Vmo/Mpyo and Vpr/Mpr, except that, for altitudes where Mach Number is the limiting factor,
MFEc need not exceed the Mach Number at which effective speed warning occurs.

CS 25.671

(d) The aeroplane must be designed so that, if all engines fail at any time of the flight:
(1) itis controllable in flight;
(2) an approach can be made;
(3) aflare to alanding, and a flare to a ditching can be achieved; and
(4) during the ground phase, the aeroplane can be stopped.



SHORT PERIOD, PHUGOID, AND STATIC
MARGIN VALUES

Note that phugoid damping only depends on the aircraft mass and natural frequency does not depend on the
mass or CG position.

Table B.1: Short period natural frequency (rad/s) for Config 1.

Condition Max. mass | Max. mass | Min. mass, | Min. mass,
forward CG aft CG forward CG aft CG
Stall speed (T,=0) 0.696 0.525 0.785 0.636
Lift-off 0.761 0.572 0.86 0.695
Approach 0.981 0.746 1.111 0.906

Cruise 1.893 1.538 1.996 1.66

Dive speed 3.01 2.563 3.172 2.746
Climb 1.089 0.822 1.223 0.989
Top climb 1.811 1.455 1.92 1.585
Landing 0.981 0.746 1.111 0.906
Stall speed (T,=0.254) 0.696 0.525 0.785 0.636

Table B.2: Short period damping (-) for Config 1.

Condition Max. mass | Max. mass | Min. mass, | Min. mass,
forward CG aft CG forward CG aft CG
Stall speed (T,=0) 0.797 1.04 0.87 1.061
Lift-off 0.791 1.035 0.864 1.056
Approach 0.779 1.008 0.857 1.038
Cruise 0.483 0.585 0.574 0.682
Dive speed 0.477 0.552 0.572 0.653
Climb 0.75 0.977 0.83 1.014
Top climb 0.509 0.623 0.601 0.719
Landing 0.779 1.008 0.857 1.038
Stall speed (7,=0.254) 0.797 1.04 0.87 1.061
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Table B.3: Phugoid Natural Frequency and Damping for Config 1.

.. Damping (-)
Condition Natural Frequency (rad/s) Max mass | Min. Thass
Stall speed (T,=0) 0.258 0.085 0.075
Lift-off 0.236 0.065 0.052
Approach 0.188 0.08 0.096
Cruise 0.086 0.035 0.043
Dive speed 0.078 0.038 0.053
Climb 0.163 0.04 0.038
Top climb 0.089 0.036 0.044
Landing 0.188 0.08 0.096
Stall speed (T,=0.254) 0.258 0.085 0.075
Table B.4: Stability margin (-) for Config 1.
Condition Forward CG | AftCG
Stall speed (T,=0) 0.11 0.018
Lift-off 0.111 0.019
Approach 0.118 0.026
Cruise 0.225 0.132
Dive speed 0.28 0.187
Climb 0.124 0.031
Top climb 0.211 0.118
Landing 0.118 0.026
Stall speed (T,=0.254) 0.11 0.018

Table B.5: Short period natural frequency (rad/s) for Config 2.

Condition Max. mass | Max. mass | Min. mass, | Min. mass,
forward CG aft CG forward CG aft CG
Stall speed (7,=0) 1.037 0.863 1.119 0.956
Lift-off 0.95 0.674 1.07 0.828
Approach 1.453 1.213 1.573 1.348
Cruise 2.614 2.216 2.715 2.329
Dive speed 4.019 3.502 4.18 3.678
Climb 1.452 1.117 1.597 1.294
Top climb 2.51 2.112 2.617 2.233
Landing 1.42 1.165 1.546 1.309
Stall speed (7,=0.254) 0.906 0.682 1.006 0.805

Table B.6: Short period damping (-) for Config 2.

Condition Max. mass | Max. mass | Min. mass, | Min. mass,
forward CG aft CG forward CG aft CG
Stall speed (T,=0) 0.631 0.739 0.704 0.806
Lift-off 0.826 1.134 0.888 1.122
Approach 0.622 0.726 0.698 0.797
Cruise 0.417 0.479 0.49 0.559
Dive speed 0.422 0.472 0.498 0.554
Climb 0.709 0.896 0.782 0.944
Top climb 0.44 0.509 0.514 0.59
Landing 0.654 0.776 0.73 0.843
Stall speed (7,=0.254) 0.776 1.005 0.842 1.03




Table B.7: Phugoid Natural Frequency and Damping for Config 2.

. Damping (-)
Condition Natural Frequency (rad/s) Max mass | Min. mass
Stall speed (T,=0) 0.258 0.085 0.075
Lift-off 0.236 0.065 0.052
Approach 0.188 0.08 0.096
Cruise 0.086 0.035 0.043
Dive speed 0.078 0.038 0.053
Climb 0.163 0.04 0.038
Top climb 0.089 0.036 0.044
Landing 0.188 0.08 0.096
Stall speed (T,=0.254) 0.258 0.085 0.075
Table B.8: Stability margin (-) for Config 2.
Condition Forward CG | AftCG
Stall speed (T,=0) 0.331 0.191
Lift-off 0.155 0.015
Approach 0.34 0.2
Cruise 0.441 0.302
Dive speed 0.514 0.374
Climb 0.23 0.09
Top climb 0.419 0.28
Landing 0.307 0.167
Stall speed (7T,=0.254) 0.193 0.053

Table B.9: Short period natural frequency (rad/s) for Config 3.

Condition Max. mass | Max. mass | Min. mass, | Min. mass,
forward CG aft CG forward CG aft CG
Stall speed (7,=0) 0.846 0.717 0.861 0.733
Lift-off 0.811 0.587 0.828 0.61
Approach 1.108 0.938 1.128 0.961
Cruise 2.076 1.737 2.1 1.764
Dive speed 3.045 2.583 3.085 2.628
Climb 1.151 0.906 1.176 0.938
Top climb 1.965 1.631 1.99 1.66
Landing 1.089 0.909 1.11 0.934
Stall speed (T,=0.256) 0.749 0.579 0.756 0.588

Table B.10: Short period damping (-) for Config 3.

Condition Max. mass | Max. mass | Min. mass, | Min. mass,
forward CG aft CG forward CG aft CG
Stall speed (T,=0) 0.583 0.675 0.606 0.698
Lift-off 0.899 1.217 0.908 1.209
Approach 0.576 0.667 0.6 0.692
Cruise 0.455 0.533 0.478 0.558
Dive speed 0.481 0.556 0.506 0.583
Climb 0.707 0.879 0.731 0.899
Top climb 0.482 0.569 0.505 0.594
Landing 0.624 0.733 0.649 0.757
Stall speed (7,=0.256) 0.848 1.075 0.842 1.063
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Table B.11: Phugoid Natural Frequency and Damping for Config 3.

.. Damping (-)
Condition Natural Frequency (rad/s) Max mass | Min. mass
Stall speed (T,=0) 0.243 0.085 0.08
Lift-off 0.213 0.061 0.056
Approach 0.188 0.076 0.076
Cruise 0.084 0.029 0.029
Dive speed 0.077 0.029 0.032
Climb 0.158 0.038 0.035
Top climb 0.088 0.029 0.03
Landing 0.188 0.076 0.076
Stall speed (7,=0.256) 0.243 0.085 0.08
Table B.12: Stability margin (-) for Config 3.
Condition Forward CG | Aft CG
Stall speed (T,=0) 0.221 0.139
Lift-off 0.099 0.017
Approach 0.222 0.14
Cruise 0.235 0.153
Dive speed 0.246 0.164
Climb 0.153 0.071
Top climb 0.223 0.141
Landing 0.202 0.12
Stall speed (T,=0.256) 0.124 0.042
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