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Summary

Growth in air travel is expected to continue and new aircraft introduced to this growing market will need
to be competitive with respect to existing designs whilst meeting strict regulation on environmental per-
formance. This motivates aircraft designers to create more efficient design, resulting in a new interest in
propeller-powered aircraft as such engines show higher theoretical propulsive efficiency as compared
to turbofan engines.

The employment of turboprop engines on commercial aircraft has so far been limited on short-range
regional aircraft, capable of transporting up to seventy passengers. Inspiration has been drawn from
successful military applications of high-power turboprop engines to use such engines on a commercial
aircraft design.

For accurate sizing of the turboprop aircraft the inclusion of propeller forces and slipstream effects is
believed to be necessary in order to foresee potential complications in a later stage of the design. The
implemented method is based on momentum flow theory assuming steady-state, inviscid and incom-
pressible flow effects. Furthermore the rotational effects of the propeller slipstream are neglected in
this research, simplifying the flow in the contracted wake of such a propeller to be a purely axial velocity
increase. The geometry associated with such a circular slipstream is determined using a combination
of the propeller thrust & normal force and the lift generation of the lifting surface.

Implementation of this theory is affecting the flow condition for each lifting surface affected by the slip-
stream. The influence is determined to be a combination of the change in angle of attack due to down-
wash and slipstream deflection and the increase in dynamic pressure aft of the propeller. Especially
the latter proves to be significant in the performance assessment of the horizontal stabilizer.

Aircraft performance is collected in a set of key performance indicators summarizing the aerodynamic,
propulsive and operational qualities of the aircraft. The inclusion of the power-on effects is applied to
the sizing of the horizontal stabilizer. This surface is required to provide a range of forces depending
on the limit under investigation. These limits are presented in a scissor plot diagram for sizing, relating
the horizontal stabilizer surface area to the limits defined for longitudinal stability, equilibrium in high-
lift configurations and the rate of rotation at takeoff. It is shown that for an aircraft configuration with
the slipstream influencing the free stream flow condition of the horizontal stabilizer the effect of such
slipstream is reducing the restrictiveness of these limits, allowing for a decrease of horizontal stabilizer
area.

Applying the implemented sizing methods shows the feasibility of a 130-passenger commercial turbo-
prop aircraft configuration where propeller effects are included in the determination of aircraft longi-
tudinal stability & control. For configurations with increased stabilizer dynamic pressure the stability,
equilibrium and rotation limits should still be satisfied in power-out conditions, eliminating the possibil-
ity of design an conventional aircraft capable of utilizing the slipstream effect to reduce the horizontal
stabilizer area.

The final result shows how the position of engines is affecting the key performance indicators mostly
by shifting the aircraft center of gravity aft. The set of configurations is shown to be competitive based
on a comparison with existing turboprop aircraft and turbofan aircraft operating on the same mission.
Robustness of the method is shown by means of a sensitivity study where variations in aerodynamic,
propulsive and operational settings result in only slight deviations from the baseline design.

In order to verify the captured beneficial effect of increased dynamic pressure on the horizontal stabilizer
is valid additional validation is required using experimental data. Current aircraft configuration do not
allow for sizing in power-on conditions as the worst case scenario needs be considered. Future designs,
most notably those with a distributed propulsion system, are expected to potentially benefit from the
design conclusions drawn by analysis of this longitudinal aircraft performance.
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Introduction

The introductory chapter of this thesis will explain the motivation for the research in Section 1.1. The
research objectives and research question are presented in Section 1.2 before the structure of the
thesis is shown in Section 1.4.

1.1. Research motivation

Air travel is expected to double over the next 20 years, where three-quarters of the market requires
short to medium range regional aircraft to fulfill passenger demand.[7] New aircraft in this market should
perform the envisioned mission at a reduced fuel burn as compared to existing designs, stemming from
more stringent aircraft emission regulation together with the desire of airliners to reduce costs. As such,
these aircraft could be powered by turbopropeller engines. Outperforming existing aircraft in the context
of this thesis is defined as reducing operational costs and ecological footprint of the aircraft.

This rationale leads to the questions and objectives of the following section.

1.2. Research Question & Objective

The research presented in this thesis is of an exploratory nature, determining if a large turboprop
configuration can be competitive in the future. For the creation of the design the effects of propeller
forces and slipstream are included to obtain a feasible design accounting for (potential) adverse power-
on effects which leads to the following main research question:

Can a large-capacity aircraft with turboprop engines be competitive based on top-level per-
formance when created using a design generator accounting for the influence of the pro-
peller forces and slipstream effects on the horizontal stabilizer sizing?

Which is split in a number of sub-questions:

How do propeller forces and slipstream effects influence the sizing of the horizontal stabi-
lizer of an aircraft?

Can a large-capacity passenger turboprop aircraft be converged using the design generator?

How does the placement of the engines affect the top-level performance of the turboprop
aircraft?

The belief is that a converged and correct aircraft design can only be obtained by implementing some
methods to account for the propeller slipstream effect. This will improve the overall design for all pro-
peller aircraft sized with the same tool. The objective of the research can be summarized as follows:

Assess the top-level performance of a large stabilizer-mounted-turboprop aircraft design
incorporating the effects of the propeller in power-on situation.

This objective can only be achieved by performing the following actions for this research:

1



2 1. Introduction

1. Implement slipstream and propeller force effects in the sizing method for the horizontal stabilizer
as to foresee design driving situations in the power-on scenario.

2. Verify and validate the horizontal tail sizing method in the design tool to create a feasible aircraft
configuration.

3. Create a family of equal-requirement turboprop aircraft with various engine locations to assess
how the placement of the engine affects the performance of the initial design.

4. Perform a study of design robustness accounting for (future) technology advancements in the
fields of propulsion and aerodynamics as well as imposed operational constraints.

1.3. Research Scope

As both the fields of aircraft design and propeller aerodynamics span a far to great amount of subjects to
include in the scope of a master’s thesis, the research is limited. The choice has been made to limit the
investigation in aircraft configuration effects to aircraft with conventional lifting surfaces, meaning a main
wing is present about halfway the tube-style fuselage and a horizontal stabilizer is installed at the rear
of the aircraft. For this horizontal stabilizer, two distinct designs are considered being the conventional
tail layout and the T-tail layout. The placement of the turboprop engines is the performance influence
of interest in the research where specific choices for engine placement are expected to impact the
top-level performance of the aircraft significantly.

This aircraft performance is primarily assessed for the longitudinal stability and equilibrium control of
the aircraft where the main focus is to determine the influence of the propeller forces and slipstream
effects on the horizontal tail. For the inclusion of propeller forces and slipstream effects the focus is on
axial flow effects only to create a two-dimensional situation for the flow conditions. This choice impacts
the final result as rotational effects are expected to contribute to the change in distribution of lift and
drag of lifting surfaces.

In order to obtain a first inclusion of propeller slipstream effects on the horizontal stabilizer sizing of
aircraft the two-dimensional flow problem described will be able to show the influence of a change in
axial flow properties of lifting surfaces, capturing a dominant effect in the early design stages. The
believe is that this implementation allows the designer to be forewarned of potential unwanted effects
stemming from propeller installation at which point more detailed performance assessments can be
performed.

1.4. Thesis structure

The report will start with a theoretical outlook on propeller and slipstream development in Chapter 3. .
Chapter 4 shows the stabilizer sizing method and how the implementation of this method is performed
in the existing design tool. Chapter 5 starts with a verification of these methods before the implemen-
tation is validated. The new turboprop aircraft are presented and assessed in Chapter 6 after which
a sensitivity study of the designed aircraft is performed. Finally, conclusions and the answer to the
research question are presented together with recommendations for future development in Chapter 7.



Aircraft Design Objective

Aircraft are introduced to the market only if they are competition to existing designs. As such the need
is present to outperform existing aircraft or to create a design that is able to be unique in operation. The
aim of this research is to investigate the capabilities of the Regional TurboProp (RTP) to do both, that
is to outperform existing turboprop and turbofan designs by creating a large capacity turboprop design.
In order to determine the minimum requirements of the RTP it is crucial to determine what existing
and operational turboprop aircraft offer in Section 2.1. Following that comparison the requirements for
the design can be derived and quantified in Section 2.2 before design configurations are presented in
Section 2.3.

2.1. Existing Aircraft

In order to warrant the research into a large regional aircraft powered by turboprop engines it is impor-
tant to state the market in which such an aircraft will be operated. Current-day operational turboprop
aircraft are co-defined by their maximum passenger capacity, being 50 passengers for the single-class
Saab 2000 and Fokker 50 aircraft and up to 68 passengers for the ATR 72-600. These aircraft are all
presented in Figure 2.1 showing the relative small size of these aircraft.

(a) ATR72-600, 68 passengers (b) Saab 2000, 50 passengers (c) Fokker 50, 50 passengers

Figure 2.1: Typical current in-service regional turboprop aircraft

For this research a new configuration is proposed with a deviation from the existing set of turboprop
aircraft. The main feature of this aircraft should be the capacity to carry up to 130 passengers in a
single economy configuration over a range exceeding that of the existing turboprop aircraft. To do so
the new Europrop TP400-D6 turboprop engine, capable of providing over 8000 kW shaft power [5],
is used as engine of the envisioned turboprop aircraft. Initially designed for and implemented on the
military Airbus A400 Atlas transport aircraft, the proposed design will be the first commercial aircraft
implementing two of these powerful turboprop engines.

The choice for turboprop propulsion stems from the expected increase in propulsive efficiency relative to
jet powered aircraft. The derivation of propulsive efficiency is later presented in Chapter 3. For now the
market analysis of Babikian et al. shows with Figure 2.2 that historically regional turboprop aircraft are
more efficient than regional jets. The energy metric E; presented is the required fuel energy in Joules
divided by the available seat kilometers (ASK). This is a direct relation between income (ticket sale)
and expense (fuel) where a lower metric depicts a higher operational efficiency for potential airliners.

3
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Figure 2.2: Trend of energy efficiency for regional aircraft Figure 2.3: Trend of energy efficiency for large aircraft and
showing averages for jets and propellers, [6, p. 391] regional aircraft, [6, p. 391]

From these trend lines it is clear the gap between jet powered and propeller powered aircraft is de-
creasing over time. This is interesting as it would drive the design towards a jet powered configuration,
were it not for the fact that a significant reduction of E; is shown from the ATR42 (introduced 1985) to
the ATR72 (introduced 1989). These two aircraft feature a similar design and level of technology where
the ATR72 is showing a reduction in energy metric of almost 25%. This difference is contributed fully
to the increased passenger capacity of the ATR72 aircraft where the total ASK is increased by 65%
relative to the ATR42, increasing total efficiency.

The theorem of increasing the ASK to obtain a more energy efficient design is further reinforced by
the comparison of regional aircraft (combined jet and propeller) and large aircraft (turbofan powered)
in Figure 2.3. If one contributed an improvement of energy metric to just the method of propulsion
one would expect regional aircraft to outperform the large aircraft. Instead, the large aircraft show a
substantial reduction in this metric, indicating the absolute size of the aircraft is a dominating influence
in the comparison.

It is for this reason that the focus will be on a high-capacity turboprop aircraft which is expected to show
beneficial propulsive efficiency for a high ASK, thereby providing a new option in the market for intra-
continental air travel. The recent development of the Bombardier CSeries aircraft, shown in Figure 2.4,
shows the feasibility of aircraft with such a capacity in the current market.

Figure 2.4: Bombardier CS100 turbofan aircraft

With the main difference between the Bombardier CS100 and the envisioned RTP being the propulsion
system it is not possible to one-on-one compare the aircraft, however, the Bombardier CS100 can
provide valuable input for the creation of a 130 passenger single-class aircraft design.

2.2. Top Level Requirements

After the choice is made to investigate a turboprop aircraft with a larger passenger capacity than cur-
rently existing turboprop aircraft it is important to quantify the performance requirements of this aircraft.
Each requirement stems from one of the following three sources:



2.3. RTP Configurations 5

» Bombardier CS100 performance & design;
 propeller operation restrictions;
« Aircraft Design Initiator restrictions.

Where the first will be explained in this section. Restrictions stemming from the employment of a
propeller on the aircraft will be briefly touched upon before being described in detail in Chapter 3.
Lastly, any restrictions stemming from the assessment tool in the form of the Aircraft Design Initiator
will be presented in Chapter 4.

The top-level requirements of an aircraft present the minimal level of compliance the design should
adhere to. As such these requirements are strong drivers for the design and quantification of these
requirements needs to be done with great consideration. The top level requirements for the RTP are
summarized in Table 2.1.

Table 2.1: Top level requirements for conceptual RTP

pax (N) Riax. pax (km) hcruise (m) Mcruise (N) brnax (m)
130 2960 8500 0.60 35

The passenger capacity stems from the desire to create a larger turboprop than currently existing and
is set equal to the Bombardier CS100 aircraft. [8] The range requirement is derived from the mission
profile of this turbofan design as equal endurance of the aircraft. This means the cruise phase for
both aircraft is taking an equal amount of time but, for the lower cruise velocity of the RTP, this means
a reduction in range. This cruise velocity, expressed in Table 2.1 as Mach number M, together with
cruise altitude h is a direct consequence of the turboprop propulsion system as will be explained further
in Chapter 3. Finally, the requirement is put in place to not exceed the Bombardier CS100 wing span
b of 35m as to allow the new RTP to service the same airports.

These five top level requirements will feature prominently in the creation and the assessment of the
RTP aircraft. Together with the settings required for the Aircraft Design Initiator (see Chapter 4) they
form the basis of the performance assessment.

The requirements in Table 2.1 regarding the mission range and passenger capacity stem from a direct
comparison with the in-development Bombardier CS100 aircraft.[4] This turbofan aircraft is capable
of transporting 130 passengers in a 2-3 seating arrangement for a total mission of almost five hours.
The maximum wing span b, of is taken directly from the CS100 as well. The selection of turboprop
engines results in a decrease of available range for equal mission time to under 3000km (1600NM). A
comparison of the range for the European internal market is presented in Section 2.2, showing the ability
of the RTP to fill the gap between current turboprop and turbofan aircraft. Unless stated otherwise, any
range given is the harmonic mission range for maximum payload.

The envisioned RTP aircraft is designed with the Europrop TP400-D6 turbopropeller engine in mind.
This is the only western engine capable of providing over 8000kW of shaft power required for the
propulsion of this aircraft.[5] This power is converted to thrust using two 10-bladed constant speed
propellers with M;, = 0.93 as to avoid supersonic flow conditions. Propeller diameter D, is derived
with Equation 3.14 to obtain the design diameter of 3.18m.

This is because both cruise altitude h;,;se and Mach number M. ;s are a result from powerplant
selection, the Europrop TP400-D6 turbopropeller engine. This is the only western engine capable
of providing over 8000kW of shaft power required for the propulsion of the envisioned turbopropeller
aircraft.[5] This power is converted to thrust using two 10-bladed constant speed propellers limited in
diameter by the tip Mach number limit of 0.93 as to avoid supersonic flow.

2.3. RTP Configurations

The main innovation in design is the placement of the turboprop engines. The initial design will be pow-
ered by two horizontal stabilizer tip-mounted engines at the rear of the fuselage. Such a configuration
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Figure 2.5: Comparison of aircraft harmonic mission range from Amsterdam Schiphol airport

is believed to possess favorable design elements as it uses a pre-existing component for mounting
the engine and it clears the main wing of flow-disturbing elements. Potential risks include a larger tail
surface to allow for compliance with aircraft limits in equilibrium and control. To assess whether such
a design is the best for the mission, a family of designs is created to determine how design choices
result in a desirable configuration. The configurations selected will be shown in more detail later and
will be chosen based on the analysis presented in Table 2.2.

Table 2.2: Trade-off matrix for engine placement configurations. Adapted from Goldsmith [19]

Tractor Pusher
Configuration | Pylon H-Tail V-Tail Fuselage | Pylon H-Tail

Aerodynamics

S&C 1 2 3 4 5 6

Drag 5 1 2 4 6 3

Performance 2 1 2 6 4 5

Structures 4 5 1 6 2 3
Dynamics | no particular preference, movable surfaces present problems

Weights 1 2 3 6 4 5

Acoustics 5 3 4 6 1 1

Hamilton Standard

Aerodynamics 3 1 2 n.a. 4 5

Structures 1 2 3 n.a. 4 5

Acoustics 3 2 1 n.a. 4 5

Ranking | 3 1 2 4 - 6

From the trade-off performed by Goldsmith the following conclusions are drawn. First of all, any pusher
arrangement where the propeller is placed aft of the engine is estimated to perform poor compared to
a tractor configuration. The option with two tractor propellers powered by an engine installed in the aft
fuselage is scoring in the lower half of options for each design group and as such will not be investigated
further. Each of the remaining three configurations show promising performance with different design
areas dominating the ranking for each configuration.
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The least compromising option appears to be integrating the engines in the horizontal tail as aerody-
namics seem most favorable for this option. The pylon-mounted configuration is suffering from the
introduction of the pylons which increase the wetted area of the aircraft and influence the drag per-
formance. The V-Tail design of Table 2.2 is a combined horizontal and vertical tail which includes the
engines. As the main field of interest for this thesis is longitudinal stability and control under influence
of propeller effects this situation is undesired as it strongly couples longitudinal and lateral control.

As such, taking into account the existing turboprop aircraft, the 130-passenger Bombardier CS100 and
the trade-off performed by Goldsmith, the four RTP aircraft configurations of Table 2.3 are selected to
be assessed.

Table 2.3: Layout configurations for new regional turboprop aircraft

Name Mainwing Engine Hor. Stabilizer
RTP1 Low Above Conventional
RTP2 High Below T-Tail

RTP3 Low Fuselage T-Tail

RTP4 Low Hor. Stabilizer Conventional

This set of RTP configurations is believed to cover the most promising layouts and will allow for the
influence of propeller effects to be assessed over a variety of configurations. The first two configurations
mimic existing regional turboprop aircraft configurations, the Fokker 50 and the ATR72 respectively.
An example of the envisioned RTP2 configuration, following from the ATR72 design, is presented in
Section 2.3. Furthermore the overlap with the configurations of Goldsmith for RTP 3 & 4 allows a
validation to be performed to identify possible discrepancies in analysis between that research and this
thesis, improving the reliability of the implemented longitudinal performance assessment.

Figure 2.6: Design configuration overview for the RTP2 aircraft






Theoretical Background

The new RTP will be a large propeller-powered commercial aircraft and it is expected that the perfor-
mance is dependent on the presence of propeller effects. These propeller effects can be split in the
direct propeller effects, resulting from the forces acting on and from the propeller, and in slipstream
effects. The first include but are not limited to the presence of thrust misalignment and propeller nor-
mal forces, where the second affect the flow around and aft of the propeller. These contributions are
usually not considered in much detail for conceptual propeller aircraft design even though they may
pose limits on the design of such aircraft.

As shown in the research objective of Chapter 1, the goal is to include power-on effects in the analysis
and sizing of a conceptual aircraft design. This chapter will present the theories underlying the imple-
mentation, starting with the methods employed for propeller effects in Section 3.1. Next, the presence
of the slipstream and associated effects are explained in Section 3.2 before finally the influences of
power-on effects are presented in Section 3.3.

3.1. Propeller Theory

The new concept aircraft presented in this thesis, the RTP, is powered by turboprop engines. The
reason such engines are selected is because turboprop engines have been proven to achieve higher
propulsive efficiency than turbofan aircraft, see Figure 3.1.

100
95
90 +
85
80 +
75 T

advanced turboprops

Installed propulsive efficiency

turboprops
70 1
65 +
60 + /
5T High Bypass Turbofan
50 + + +
0.5 0.6 0.7 0.8 0.9

Cruise Mach number

Figure 3.1: Comparison of propulsive efficiency versus Mach number for different aero-engine types [29, p. 9]

This increase in propulsive efficiency (n,,) is following from the theory of actuator disk theory (ADT) in
Section 3.1.1. Direct propeller forces influencing aircraft performance are discussed in Section 3.1.2
before some design considerations are presented in Section 3.1.3.

9
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3.1.1. Actuator Disk Theory

Propeller performance and flow modeling is a complex field of aerodynamics which is simplified for
the purposes of this research. The method applied to determining the propeller effects is ADT. ADT
has been around from before the application of propellers on aircraft, providing a method to determine
marine propeller performance. The application method relies on a number of assumptions:

- steady-state analysis;
* no viscous effects;

* no flow compressibility;
* no rotational effects.

The underlying analysis of performance stems from momentum theory which is best summarized by
McCormick [22]: "momentum theorem in fluid mechanics is the counterpart of Newton’s second law
in solid mechanics, which states that a force imposed on a system produces a rate of change in the
momentum of the system”. For ADT the imposed force is the thrust force T delivered by the propeller
and the system is a control volume as presented by Figure 3.2.

E_A1\actuator disk .
| P A
: P21
— > Vi —1—>Va Vo ———
e ;
| 2,
| |

Figure 3.2: Momentum theory control volume with actuator disk

In this control volume the propeller is replaced with a disk, hence the naming of ADT. Velocity is contin-
uously increasing from upstream (station 1) towards downstream (station 2). The mass flow m through-
out the system is required to remain constant which, using Equation 3.1, requires the cross-sectional
area A to decrease for stations of increased velocity V, taking into account the assumption of incom-
pressible flow.

1 = pAV (3.1)

The next step in determining the properties of the actuator disk system is to express propeller T in terms
of the flow properties. Applying momentum theorem in the axial direction, the integral of Equation 3.2
is representing the force on the system due to flow properties. [22]

ZFX - f wpVyds (3.2)

Where ) F, is equal to T and, by analyzing Figure 3.2, the right-hand side should be equal to the
momentum flux of the system. Combining Equation 3.1 and Equation 3.2 the result is presented in
Equation 3.3.

T =1V =) (33)

The final step to be taken is to relate T to the power P present in the control volume. Total power in the
system can be defined as the difference in kinetic energy between station 1 and station 2, shown with
Equation 3.4.
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VE V2 v +W
P=m<§—71>=m(vz—vl>22 - (3.4)

Next it is important to determine propeller power, equal to the thrust force multiplied with the flow
velocity. One obtains the relation of Equation 3.5, using Equation 3.3 for the thrust force exerted.

P =TV, =% — WY, (3.5)

Combining this relation with Equation 3.4 it is clear the velocity at the actuator disk 1, is equal to the
average of the free stream and slip stream velocity. This in turn means the flow is accelerated in equal
amounts ahead and aft of the propeller. Relating the power obtained from the propeller and the power
of the system, one can see the efficiency is equal to the ratio of usable power in the form of thrust
and total power in terms of momentum flux. The final relation for propeller efficiency is represented by
Equation 3.6.

(3.6)

Showing that any flow acceleration between stations 1 (free stream) and 2 (slipstream) reduces the
efficiency of the propeller. It should be noted that the same relation is valid for jet propulsion, explaining
the difference in efficiency in Figure 3.1. Flow is required to accelerate for a net thrust force to be
present, showing a conflict of interest for efficient propulsion systems. The approach taken by propellers
is to minimize acceleration for a large mass flow, resulting in a significant efficiency increase over jet
propulsion which are required to greatly accelerate a limited mass flow. For turbofans, a combination
of effects is present where an increase in bypass ratio will allow a greater efficiency as the system is
mimicking the principles of propeller propulsion.

The equations presented for ADT are required in the determination of slipstream geometry in Sec-
tion 3.2 where the fundamental slipstream theory for this thesis is explained.

3.1.2. Propeller Forces

The previous section covered axial flow velocity and the change in flow properties by means of ADT.
Here the consequences of propeller forces are explained. The main goal of the propeller is to provide
thrust. Together with this thrust force a side force and normal force is present, totaling forces in all three
directions of the propeller axis system. On top of this, moments along these axes will exist.

According to Veldhuis the two elements of interest are the thrust force and the normal force. [29] The
first since it is the main reason to operate the propeller in the first place and the latter as it is influencing
stability of the aircraft. The side force and moments present are to be neglected in order to reduce the
complexity of the problem at hand and because their influence on the longitudinal stability and control
of the aircraft is assumed marginal.

The influence of the thrust and normal force can be seen analogously to the lift of a surface. As a
matter of fact, the main effect, apart from generating thrust, is influencing the total lift of the aircraft.
This influence is due to two components which will be briefly explained next.

Vertical Thrust Component
The first, the vertical component of thrust, can be quantified by decomposing T along the angle of attack

of the propeller ap by means of Equation 3.7.

CLT = CT Sinap (37)
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Where the thrust coefficient C; is given in Equation 3.8.

2T

Cr="y>s

(3.8)
This equation normalizes T with the free stream density p, flow velocity V., and the wing surface area
S. This coefficient is largest for high-thrust and low-velocity conditions such as aircraft take-off and
landing. The vertical component of thrust will only be significant in case a substantial ap is present.

Normal Force

Propeller normal force N is always perpendicular to the propeller thrust T and is present because of the
change in flow direction presented before. The normal force coefficient Cy is therefore a contribution
to the total lift of an aircraft and needs to be included for this reason. The method used to determine
the change in Cy with the propeller angle of attack « is adopted from De Young [14] as presented in
Equation 3.9.

dCy  4.250, ]2

) iy
dap ~ 1420, S +3) - = (59)

Where B, denotes the blade pitch angle at zero lift for a 75% radial position along the blade and the
blade solidity o,,, the advance ratio J and the thrust factor f are presented in Equations 3.10 to 3.12.

_4Bpcp G
% = 37 Dp 09521 (3.10)
Voo
/=D, (3.11)
nDp
T,
f=1+0.5(1/1+TC—1)+4(2—£TC) (3.12)

Factors influencing o, are the number of blades Bp, the average blade chord ¢, the propeller diameter
Dp and the blade chord lift gradient ;. Itis, in essence, indicating how "obstructive’ the presence of
the propeller geometry is in the total circular area enclosed by the propeller perimeter. The propeller
advance ratio J is a non-dimensional value relating V,, to the propeller rpm n. Lastly the thrust factor f
is only changing with the thrust coefficient T, of Equation 3.13.

8 T
¢ nj2 pn2D}

The resulting system of equations shows the value for the normal force gradient (Cy, = dCy/dap) is
increasing with a higher propeller solidity, an increased advance ratio and an increase in thrust. The lift
coefficient due to normal force C;, can then be determined for any flight condition by multiplying with
the angle of attack of the propeller ap. Generally this is equal to the angle of attack of the aircraft except
for the case where the propeller is installed under incidence. Together with the vertical component of
thrust the normal force is included to account for the propeller forces and will play a role in determining
the performance of the aircraft in power-on conditions.

(3.13)

3.1.3. Design Limitations

The choice for propellers is expected to be beneficial for propulsive efficiency but imposes limitations
on the design as well. Higher efficiency is achieved by increasing the propeller diameter to allow more
air to be accelerated less. However, the size of the propeller is typically restricted by a combination of
the following three items:
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« propeller blade tip speed;
« structural limits of the propeller blade;
« clearance of the propeller.

Out oft these, according to Roskam, the propeller blade tip speed is most limiting the diameter of the
propeller. This tip speed is limiting the design as high-transonic tip speeds decrease the efficiency of
the propeller by introducing shock waves to the propeller. To avoid this from happening the tip Mach
number My, is limited in Equation 3.14 determining propeller diameter. [26]

Dp = Ja_z (M2, - m2) (3.14)

m2n?

Where the atmospheric conditions are included by means of the speed of sound a and the Mach number
M. The propeller diameter is following from the aforementioned value of My;,, for a certain set propeller
rotational velocity of n.

The other concern of employing propellers on the aircraft stem from the clearance between propeller
and aircraft frame and propeller and ground. The certification specification of the European Aviation
Safety Association (EASA) for large aircraft (CS-25) state the following regarding these propeller clear-
ances in CS 25.925: [17]

» a: Minimum 18 centimeters between propeller and ground in level take-off;
* ¢1: Minimum 25 millimeters radial clearance between the propeller tip and aircraft structure;
+ ¢2: Minimum 13 millimeters longitudinal clearance between the propeller tip and aircraft structure.

In the employed tool for aircraft design and assessment these requirements are included, more on this
in Chapter 4. These requirements all present a minimum of clearance stemming from requirements
which do not necessarily account for performance degradation following from poor propeller position-
ing. For this, some design guidelines are obtained from the aircraft design collection of Roskam. [26]
These guidelines recommend to maintain a radial clearance between propeller and fuselage equal to
at least 40 inches (approx. 1m), mainly for noise considerations in the cabin. Furthermore a longitudi-
nal clearance should be present equal to a value between a quarter and a full chord length to prevent
strong loading of the propeller blades due to the close proximity to the wing leading edge. [21]

3.2. Slipstream Geometry

This section identifies the geometry of the slipstream where the focus before was purely on the propeller
forces and the propeller performance. The final result from ADT is the system of equations allowing one
to determine the velocities at each station in the control volume. The flow characteristics are known for
the station downstream of the propeller. Theory behind the methods used to determine the slipstream
geometry aft of any propeller are shown, first for the top and side views in Sections 3.2.1 and 3.2.2
before the total affected surface area is determined in Section 3.2.3

3.2.1. Top View

From the ADT of Figure 3.2 and using Equation 3.1 it is apparent that in order to allow equal mass
flux at increased velocity, the slipstream diameter is reduced downstream of the propeller. As shown
before the velocity at the propeller is the average of the velocity upstream and downstream, resulting
in the final contracted slipstream diameter D represented by Equation 3.15. [26]

fvoo +AV/2 Vo + AV/2
Dg=Dp | =——L==p, | =2—1= A
s=Dp |2y P 7 (3.15)
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The main assumption is this contracted slipstream is constant in diameter in the region downstream of
the propeller, neglecting slipstream degradation in this region. The resulting slipstream is presented
in the top view in Figure 3.3. Here the actuator disk geometry of Figure 3.2 is clearly identifiable in
proximity of the propeller.
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Figure 3.3: Top view of slipstream impacting main wing and horizontal stabilizer

The flow velocity in the slipstream Vs is, from the assumptions, constant as well. The amount of slip-
stream contraction is corresponding to the difference in flow velocities and as such will be more present
in high-thrust, low free stream velocity conditions.

3.2.2. Side View

Whether or not a lifting surface is affected by the slipstream does not just depend on the top geometry
presented before. The second component of the slipstream geometry is the deflection of the slipstream
downwards. This deflection may result in the stabilizer remaining clear of the direct propeller slipstream
and is shown for a typical high wing configuration in Figure 3.4.

Figure 3.4: Side view of slipstream impacting main wing and horizontal stabilizer

The total angle of deflection for the slipstream is defined as the flow deflection due to propeller normal
force. This follows from Section 3.1.2 where the propeller normal force is determined. The normal force
deflects the angle of the slipstream 65 according to Equation 3.16, presented by Alba et. al [2] as the
isolated slipstream deflection.

dbg
"~ dap

Where the gradient of slipstream deflection angle is given by Equation 3.17.

05 ap (3.16)

ds  1+T.—J1+Tc 342+ 1+T; J1+T; dCy 8
dap 2+ T, 2+ T,)? 4 dap |, _, 7J?

(3.17)

Here the normal force gradient % of Equation 3.9 is evaluated at T, = 0 to obtain the power-off normal
P

force gradient. This gradient is multiplied with the factors containing T, to determine the gradient of 65
with respect to the propeller angle of attack a. As with the normal force, the resulting deflection is only
significant in case of a substantial angle of attack for the propeller.
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3.2.3. Affected Wing Section

With both the top and side geometry quantified the total affected area of the lifting surface can be
determined. In case the slipstream is symmetrically aligned with the lifting surface the total width of
the affected wing section is equal to the contracted slipstream diameter. This situation is rare as the
downward deflection and engine placement usually result in a partial slipstream covering the lifting
surface as has been illustrated by Bouquet & Vos with Figure 3.5.

fuselage center line lifting surface
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Figure 3.5: Geometry of slipstream impacting horizontal stabilizer. Adapted from [10]

The final span enclosed in the slipstream geometry is denoted as bg and depends on the slipstream
diameter D and the offset h through Equation 3.18.

2h\°
Dg

The total distance h is a combination of multiple effects. The first is the geometric separation between
surface and propeller axis. Next the angle of attack of the aircraft results in a change in horizontal
stabilizer position. Finally the deflection of high-lift devices is influential in determining the total distance
h of Equation 3.19. [10]

h=2y—Zp—lysina+lsinfOs — (x¢/4 — xp) + ¢ sin by + 0.25(xg/4 — xp) sinAay 5 (3.19)

With Z, and Zp denoting the horizontal stabilizer and propeller vertical position, respectively. The
distance between wing and tail mac [, and the distance between wing trailing edge and tail [; are
present to account for a shift in position with angle of attack. The term x;,,—xp is relating the longitudinal
position of the propeller with the reference point, taken as the quarter-chord mac. Next the second-to-
last term of Equation 3.19 is accounting for (a possible) flap deflection of the preceding wing surface
by relating flap chord c; with flap deflection ;. Finally the term including the change in zero-lift angle
of attack due to flap deflection Aa s is presented to account for the wing upwash and a reduction of
slipstream deflection.

The shown theory relates the results of Section 3.1, notably the propeller sizing and slipstream velocity,
to the geometry of the slipstream. This allows the determination of the affected area to include the
power-on effects in later methods. The influence of these power-on effects is shown next in Section 3.3.

3.3. Influence of Slipstream

The previous theory presented is applied in the effectiveness of lifting surfaces. This effectiveness is
regarding the aerodynamic performance of the lifting surface and is defined by two parameters, apart
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from the geometry of the surface. These are the angle of attack a and the dynamic pressure g, both
combine in the determination of lift according to Equation 3.20.

L=q(Ca)S (3.20)

An increase in either, for a given lift gradient ¢, and surface area S, will result in an increase in lift.
Similarly a certain required lift is achieved for a lower a or q, allowing the design to account for this.
The determination of both g and « are presented next for a lifting surface.

3.3.1. Dynamic Pressure

The dynamic pressure q is provided in Equation 3.21 and relates (local) flow velocity V with the atmo-
spheric density p.

1

In the framework of the research, the influence of the dynamic pressure is presented as a consequence
of the increased flow velocity in the propeller slipstream. As such the parts of the lifting surfaces that
are (partially) submerged in the slipstream will experience an increase in dynamic pressure. This in turn
results in an increase in lift of the submerged section, provided all other variables of Equation 3.20 are
constant. The increase in lift can either be beneficial or detrimental to the overall longitudinal stability
and equilibrium of an aircraft depending on the design configuration of the aircraft.

3.3.2. Angle of Attack

The angle of attack of a lifting surface is important in assessing the lift of this surface. With the previously
presented propeller and slipstream influences on the flow direction it is apparent this angle of attack
will be determined to a certain extent by these power-on effects. In general for any lifting surface
Equation 3.22 presents the final angle of attack ag;s.

Agurt =+ i —€—0g (3.22)

Where the angle of attack of the aircraft @ and the incidence angle i apply to any lifting surface. The
last two influences constitute of the preceding downwash € and the deflection of the slipstream 6. The
definition of these angles is downward negative, opposite to the angle definition of « and i.

Out of these angles the determination of the downwash angle has not been presented. This downwash
angle e is only accounted for in case a preceding lifting surface is present and is a result from the lift force
generated by the surface. Analogous to the presented slipstream deflection downward due to normal
force, this lift force impacts e as given by Equation 3.23. The method employed is an adaptation by
Obert of lifting line theory (LLT) and follows from equating outgoing momentum of this control volume
to the lift force. [23]

L=mVsine (3.23)

Where m denotes the mass flow through the control volume. For an isolated wing without propeller
influence this control volume is the circle with diameter equal to wing span b, providing the enclosed
area in Figure 3.6 and subsequently Equation 3.24 for the lift of the wing without power-on effects.

Ly = p%bZVoﬁ sine (3.24)

To obtain the average downwash angle € the lift of the surface L and the free stream flow velocity V need
to be known, as well as the aircraft altitude to determine air density p. These values are determined
for the lifting surfaces using Athena Vortex Lattice (AVL), an open source vortex-lattice method (VLM)
available from Drela. [15]

Power-on effects are included by means of a similar analysis, taking the contracted slipstream diameter
D and the position of this slipstream to determine the downwash angle for the wing section affected by



3.3. Influence of Slipstream 17

Figure 3.6: Overview of downwash control areas for wing with two propeller slipstreams. Adapted from Obert [23, Appendix IV]

the propeller slipstream. The downwash angle of the wing section immersed in the propeller slipstream
€ is derived from Equation 3.23 to obtain Equation 3.25, provided by Bouquet. [10]

T
Ls=n, 'pZDSZ‘VSZ sin eg (3.25)

Where n,, is the number of engines under consideration. The total lift of a full wing with power-on effects
is therefore a combination of Equation 3.24 and Equation 3.25 to obtain Equation 3.26.

Vs T Vs

Ly 4+s = pV2 (sz - neZDSZ) sine + pV? (neZD52> sin eg (3.26)
Which is effectively subtracting the propeller slipstream(s) from the wing’s outgoing momentum flow
before adding the slipstream momentum of the propeller(s). Equation 3.26 will be used to determine
the wing lift in the affected region. The unknown is Ly, s with € obtained from the power-off lift of the
wing surface. For this power-off lift several tools exist which will be further presented in the methodology
in Chapter 4. The other variables apart from the slipstream downwash ¢g are all known by means of
previously presented theory.

Bouquet proves the estimation by Obert for this €5 by assuming the lift in the affected wing section
relates to a wing in free flow with an airfoil section equal to the wing airfoil with deflected flaps holds
true, showing Equation 3.27 as a result.

. L“Seff
= — 3.27
sin €5 A ( )
This equation is a direct application of LLT. Important here are the effective lift curve gradient CLaS N

in the slipstream region, determined using empirical NACA data. [12] The effective aspect ratio of the
wing section affected, A, is provided by Bouquet as Equation 3.28. [10]

AW_AS
As. = As + (Ay — As) (%) (3.28)
b2
A=~ (3.29)

Where the aspect ratio of a wing is shown in Equation 3.29, reflecting wing slenderness. Similarly Ag
is obtained from the submerged wing span of Equation 3.18 in Section 3.2, with the area defined using
the average chord for this submerged wing section.
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The final angle of attack of the lifting surface given by Equation 3.22 is now fully defined as a combi-
nation of geometric and aerodynamic angles. It is possible to predict this angle in order to assess the
aerodynamic performance of the surface in both power-off and power-on conditions, even accounting
for possible high lift device (HLD) deflection.

The full influence on aircraft longitudinal stability and equilibrium will be explained further next in Chap-
ter 4, where the theory in this chapter is applied to the limits defining the longitudinal performance of
the aircraft. These limits are then applied to determine an adequate size for the horizontal stabilizer,
including both power-off and power-on effects.



Methodology

With the introductory chapters of this thesis presenting the research background and the position of
the to-be-assessed RTP, this chapter aims to connect the theory to the employed methods. These
methods are the implemented models in the Aircraft Design Initiator, the software framework in which
the assessment of aircraft is performed. A general overview of the Aircraft Design Initiator is given in
Section 4.1 before the sizing method is explained in depth in Section 4.2.

4.1. Initiator implementation

The main tool to be used for the research is the Aircraft Design Initiator, a preliminary physics-based
aircraft design tool created at Delft University of Technology. The goal of the Initiator is to combine
empirical design and analysis with low-fidelity analysis tools to assess aircraft designs based on a
given set of top level requirements.

The Initiator follows an iterative design approach where it converges to a feasible design. A feasible
design means the Initiator result is converged with performance and weight results consistent with each
other and all top level requirements satisfied. This process is generalized to be displayed comprehen-
sively in Figure 4.1. The method is a top-down approach where the sizing in Class | is performed using
a pre-existing database of aircraft to determine initial weights. This feeds into a component-level weight
sizing in Class Il, taking into account the specifics of the aircraft configuration. It is at this point an initial
geometry is created in order to assess the prerequisites for the aerodynamic and performance analysis
of the aircraft.

The Class II.V sizing method features a detailed sizing of the main wing and fuselage and is coupled
to the aerodynamic analysis to obtain the first level of convergence within the Aircraft Design Initiator.
The second convergence checks whether final performance is a match with the top-level requirements
to verify full convergence. lt is after this full convergence that an aircraft design is obtained, featuring
a detailed geometry and presenting performance by means of key performance indicators (KPls).

Top Level Requirements Configuration

Class | | Class .| Aerodynamic
atabase Sizing Sizing Analysis

Class II.V
ing

Performance
Converged?

Weight
Converged?

Performance
Estimation

Geometry
& KPI

Figure 4.1: Overview of Aircraft Design Initiator process
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Even though unconventional designs as blended wing body (BWB) and three-surface aircraft are able
to be generated by the tool, the usage of empirical models may hinder in the analysis of these concepts.
This also holds true for the envisioned RTP featuring large propeller engines in unconventional positions
for which no database is present to be used in the convergence of the Initiator. This depicts how physics-
based modules are preferred over empirical modules as they can be applied to unforeseen design
choices. On top of this the very interaction between propeller effects and the horizontal stabilizer is
expected to drive certain design parameters depending on configuration, requiring an implementation
of slipstream and propeller effects in the Aircraft Design Initiator.

In terms of the converging Aircraft Design Initiator, the envisioned methods are implemented to influ-
ence the aerodynamic analysis and the performance estimation. It will alter the input for the Class 1.V
sizing method and may show that pre-converged aircraft are unfeasible designs when accounting for
power-on effects, at which point a re-sizing is required. The main risk is how a significant discrepancy
between the obtained performance and weight estimation relative to the database could exist, requiring
additional iterations and as such computational effort. A strength of the Aircraft Design Initiator is the
capability to output converged aircraft using fast and reliable methods, a feat that should not be lost by
implementing more complicated design routines.

4.1.1. Existing Sizing Method

At the start of this thesis, three separate methods existed in the Aircraft Design Initiator to size the
horizontal tail surface. These methods are:

« Tail volume coefficients (turboprop aircraft)
« Scissor plot sizing (turbofan aircraft)
» Custom sizing routines (exotic configurations)

The first is of special interest as this method of tail sizing relies on the use of tail volume coefficients,
both for the horizontal and vertical tail surfaces. The tail volume coefficients for the horizontal tail is
shown in Equation 4.1.
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Where the tail area ratio Sy /S is normalized using the tail arm [ over the wing mac mac. It is important
to state why this existing method is insufficient in sizing the envisioned RTP aircraft and, more gener-
ally, any propeller-powered configuration. The current implementation relies on a database of similar
configurations, assuming a close connection exists between tail volume and the design choices. By
relying on similarity the capabilities of the Aircraft Design Initiator to assess unconventional configura-
tions is undermined, resulting in unreliable configurations at best and unfeasible designs at worst. The
usage of tail volume coefficients should be limited to the Class | weight sizing where the sizing is fully
empirical and as such does not warrant the use of more advanced methods.

The existing sizing for turbofan aircraft is most important as it provides the framework on which the
turboprop stabilizer sizing is built. It relies on the generation of an aircraft scissor plot featuring limits
for stability and control for a range of c.g. positions. Adaptations to the scissor plot sizing to account
for power-on effects are explained next in Section 4.1.2 before the intricacies of scissor plot sizing are
shown in Section 4.2,

The last sizing method features an adaptation of the limit sizing for highly unconventional aircraft. These
aircraft include the ducted fan design of the Delft University Unconventional Configuration (DUUC) or a
BWB configuration, both featuring no traditional empennage at all. [11, 28] These methods will remain
in place for the sizing of such aircraft in the future.
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4.1.2. New Sizing Method

As mentioned a previous implementation of scissor plot sizing is present in the Aircraft Design Initiator
for turbofan aircraft. The new turboprop tail sizing method will expand on this implemented method
by means of two main activities. First the existing module needs to be allowing for turboprop aircraft,
requiring the existing method to be including turboprop engines as an option. Secondly the power-on
effects need be included in order to account for the expected change in limits due to these effects.
This concludes in the general work flow of the turboprop horizontal tail sizing method as described in
Figure 4.2.
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Figure 4.2: Overview of horizontal tail surface sizing method

Here the methods in italic present the modified components of the sizing method relative to the turbofan
implementation. The methods in bold are newly implemented to account for the power-on performance
in the final determination of the minimum required tail surface area. This power-on performance is
stemming from the power-off performance directly where the effects on the local angle of attack « and
dynamic pressure q, together with direct propeller forces, are included from the theory in Chapter 3.

Flow conditions from the power-off case are used to determine the propeller force and slipstream ge-
ometry. These initial flow conditions stem from the power-off analysis using the United States Air Force
(USAF) Data Compendium (DatCom) and AVL to obtain aerodynamic properties of the main wing and
horizontal stabilizer. In total six flight conditions are assessed: three aircraft settings and conditions for
cruise, landing & takeoff, each assessed for power-on and power-off.

4.2. Scissor Plot Limits

The goal of the method depicted in Figure 4.2 is to minimize horizontal tail area while satisfying the
limits imposed by longitudinal stability & equilibrium and aircraft rotation restrictions. To do so the
aircraft scissor plot is created. A general example of such a scissor plot, featuring limits for one flight
condition, is depicted in Figure 4.3 where the top filled area is the region where none of the shown
limits are violated.

The limits shown are selected as they are typical limits present for conventional aircraft configurations.
A number of potential scissor plot limits is not included for a variety of reasons. Examples of limits are
the landing flare requirement and the aircraft maneuver point. These are not implemented for lack of
an adaptive method to determine this limit for any aircraft configuration, thereby possibly limiting the
applicability of the new scissor plot sizing. Additionally the sizing is performed using static limits only,
not considering the steady-state aircraft dynamic stability requirements. Both additional static limits
and the inclusion of dynamic stability have been investigated before by Q. Jansen. [20]

The final aircraft tail area ratio Sy /S as in Figure 4.3 is the main result of all implemented methods. It
is determined by the relative position of these limits and the aircraft c.g. excursion. The next sections
will describe the underlying equations for the construction of the scissor plot limits before the required
aerodynamic coefficients are explained further in Section 4.3.
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Rotation Limit - Equilibrium Limit - Stability Limit
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Figure 4.3: Example of aircraft scissor plot showing design area restricted by typical limits

4.2.1. Longitudinal Stability

The right-side bound in a typical aircraft scissor plot as shown in Figure 4.3 is defined by the longitudinal
equilibrium of the aircraft. This stability is shown in the overview of Figure 4.4 for a conventional aircraft
design.
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Figure 4.4: Overview of parameters influencing longitudinal stability. Adopted from [27, p. 308]

Here the function of the tail is to ensure the aircraft is level by introducing a lifting force Ly aft of the
aircraft-minus-tail lift L,_p to counteract the moment created by this latter lift, the aircraft weight force
W and the pitching moment about the main wing aerodynamic center (a.c.). A longitudinally stable
aircraft is one where any disturbance in this equilibrium, for instance a change in angle of attack due
to a wing gust, is counteracted by the system of forces present. Equation 4.2 is able to describe the
relation to obtain a satisfactory tail surface area.

CL de SH lH VH 2
_ - ay _SC\PH'H [ 'H _
Xeg = Xgc + C. (1 da) Sz (V) SM (4.2)

With the goal of the method to minimize S, /S for a given c.g. excursion, the equation is rewritten to
output this value for the set of aerodynamic and geometric properties in Equation 4.3.

2
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This linear equation is intersecting the x-axis of Figure 4.3 at the aircraft neutral point (n.p.), given by
Equation 4.4,

Xnp = Xac —SM (4.4)

The longitudinal stability limit is restricting the aft movement of the aircraft c.g.. The static margin SM is
included to design the tail surface to achieve static stability as opposed to neutral stability and is typically
a few to ten percent of the aircraft mean aerodynamic chord. Current control system technology has
allowed for the design of longitudinally unstable aircraft by means of a relaxed static margin. The
application of non-reversible controls in aircraft allows an on-board controller to mimic the behavior of
a stable aircraft and as such allowing the tail area ratio to decrease, increasing operational performance
by saving on structural weight for the aircraft.

To obtain a minimal tail area ratio it is important to maximize the term in square brackets in Equation 4.3.
With a selected main wing position the geometry of the aircraft is presumed fixed, meaning for a given
aft c.g. the ratio of lift gradients, the downwash gradient and the tail velocity ratio are defining the
longitudinal stability limit. This limit therefore is a metric of the rate of change in lift for a changing
inflow angle of the lifting surfaces, whether this stems from external (gusts) or internal (slipstream)
effects.

4.2.2. Equilibrium in Stall

An equal approach to the previous limit is taken where Figure 4.5 depicts the situation. Now the tail
area ratio is defined by the maximum amount of lift this surface is able to generate in order to counteract
the most unfavorable (i.e. largest in magnitude) aircraft-minus-tail pitching moment.

Figure 4.5: Overview of parameters influencing longitudinal equilibrium in landing stall. [27, p. 324]

Equation 4.5 relates to the stall control limit of the aircraft.

2
= = Cmac CLH SH lH VH
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Similar to the stability limit, the relation is rewritten to be a linear function for S /S as shown in Equa-

tion 4.6.
2
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This limit intersects the x-axis of Figure 4.3 at the point x,, —‘mac /CLA_H and as such will be depending
strongly on the pitching moment about the aerodynamic center Cp, . This provides the explanation
to determine the takeoff and landing stall equilibrium and to omit the cruise condition. The pitching
moment coefficient is expected to be significantly larger in these configurations compared to cruise,
shifting the limit to the right in Figure 4.3 and resulting in a more restrictive limit. As was the case with
the stability limit, the term in square brackets is proportional to the limit slope and an increase in this

(4.6)
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term results in an increase of the design space. With given geometry, the forward c.g. is limited by
the aforementioned G, . as well as the ratio of maximum lift coefficients and the tail velocity ratio. As
such the limit is determining the high-lift requirement of the horizontal stabilizer and sizes this surface
accordingly.

4.2.3. Rotation at Takeoff

The final limit under consideration is the requirement to rotate at takeoff, requiring (for conventional
aircraft) a strong downward lift force to be generated by the horizontal stabilizer. An overview of this
rotation run is represented by Figure 4.6.
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Figure 4.6: Overview of parameters influencing the takeoff rotation requirement. [27, p. 325]
The static analysis of the rotation at takeoff takes place at the point of rotation where the aircraft reached

rotation velocity ;. This velocity is taken relative to the aircraft stall speed I at the takeoff configuration
as given by Equation 4.7

w2 1
5P Clp

Vi = 105%V; = 1.05 4.7)

Where W is equal to the maximum takeoff mass (MTOM) times the gravitational acceleration g. Now
Equation 4.8 shows the relation for takeoff rotation.
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This relation is similar to that for the stall equilibrium with two main differences. First of all, all moments
are determined around the point of rotation which is no longer the aircraft c.g.. Instead the aircraft main
landing gear position x,,, is required for this limit as the aircraft pivots about this point. Equation 4.8
includes two factors n. The first, 1, accounts for the dynamic pressure over the tail surface by means
of Equation 4.9.

Xeg — Fmg (Vi \*
_ *cg T “mg YH
M= =4 ( V ) (4.9)

Where the second factor n, relates the tail lift capabilities to the desired rate of rotation 6 as shown in
Equation 4.10.

CLaH Or (jcg - J-Cmg)
) VR

ng=1+ (4.10)
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Take-off rotation is also influenced by the offset of the provided thrust relative to the c.g. as shown
by the component z; X7 /,,. The value for zZ; is negative for engines placed above the c.g., meaning
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thrust counteracts the rotation at take-off. As for the equilibrium and stability limits, the limit is rewritten
to represent the tail area ratio Sy /S in Equation 4.11.

T T A AR o

s Ly (Mg CLy | CLpa <Vs> <xmg ZTZ w xcg)
This rotation relation contains multiple components influencing the total rotation performance of the
aircraft. Important is the fact that, similar to control at stall, this limit creates a requirement for the
tail maximum lift coefficient ;. Clearly decreasing the distance between main gear and forward c.g.
position will increase the design space of Figure 4.3 by moving the limit leftwards, although care needs
to be taken as to not surpass the most aft c.g. position as doing so can result in aircraft tip-over during
ground operation. A negative pitching moment C,, , contributing to the longitudinal stability of the
aircraft, is hindering rotation at take-off. Furthermore any engines positioned above the aircraft c.g. will
negatively affect the rate of rotation of the aircraft.

Crp i
+ C—(xcg — Xqc) (4.11)

Ly

The resulting set of equations encompass the scissor plot sizing method. Although all limits need not
be violated in all flight cases, only the stability limit of Equation 4.3 is calculated for each flight phase
at the most aft c.g. position. The Equation 4.6 equilibrium limit bounding the maximum lift requirement
for the most forward c.g. limit is implemented for the take-off and landing setting as the low-speed
high-lift nature of these flight phases are more limiting. Finally the requirement shown in Equation 4.11
is included to account for the lift requirement of the horizontal stabilizer to obtain adequate rotation
during the take-off run.

Figure 4.7: Aircraft geometry definitions. Adapted from Torenbeek [27, page 480]

4.3. Aerodynamic Coefficients

With all limits presented it is of importance to go into detail in explaining the behavior of the aircraft
parameters influencing tail sizing. As such the effect of the propeller forces and slipstream on the
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sizing of the horizontal stabilizer can be qualified by assessing the influence of these on the coefficients.
Section 4.2.3 is shown for the distances and dimensions of components relating to the aircraft, showing
sign definitions in the top-down view.

The list of aerodynamic coefficients used in the limits of the scissor plot is broken down in the following
sections:

- Lift Coefficient and Lift Gradient

» Aerodynamic Center

Pitching Moment Coefficient

Velocity Ratio

Center of Gravity

All will be discussed next, showing the methods used to obtain the values and the change of coefficient
in the power-on analysis.

4.3.1. Lift Coefficient and Lift Gradient

The lift coefficient of a wing surface is important for the sizing explained before through the values
directly and by means of the gradient €, , with respect to the angle of attack a.

Lift Coefficient

The power-off lift coefficient €, is obtained from total lift determined by AVL for the lifting surface. This
lift is normalized with dynamic pressure g and wing reference area S. Next the slipstream and propeller
effects are included using Equation 4.12 to obtain the power-on lift coefficient.

= CLPO + ACLS + CLT + CLN (412)

Lpower

Where the three power-on effects are the thrust vector component parallel to the lift of the wing C;,
(Equation 3.7), the lift coefficient due to propeller normal force C;, (Equation 3.9) and the slipstream
lift increment AC,. (Equation 3.25).

For an unaffected wing surface, in case no engines are mounted to the surface and no slipstream is
present, the power-on lift coefficient is unchanged from the power-off lift coefficient. In case of an engine
mounted to the lifting surface, the increase in lift is proportional to the engine power P and inversely
proportional to the cube of free stream velocity V. As such the increase in lift due to propeller forces
is expected to be more influential in the low speed flow conditions of take-off and landing. The same
holds true for the increase in lift in the slipstream. The flow velocity here is increased significantly with
respect to the free stream velocity, resulting in a strong increase in dynamic pressure g and as such
increased lift.

Lift Gradient

Together with the absolute value of the lift coefficient, the gradient with respect to the angle of attack
a is expected to increase as well. This stems from the fact that both the lift due to propeller normal
force and propeller thrust are scaling with this angle, resulting in a stronger addition at higher angles of
attack. This is of importance for the stability limit of Equation 4.3 as the ratio of lift gradients Clay /¢,
represented. The larger this ratio the less limiting this requirement is. As such one would increase the
gradient of tail lift whilst leaving the main wing unaffected. In case both are affected, the expectation
is such that the ratio will decrease. This can be explained by the absolute size of the lift gradients. As
for both surfaces the lift coefficient is normalized with the main wing surface area, an equal relative
increase will result in a larger absolute increase for the main wing lift gradient.
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Maximum Lift Coefficient

For the main wing a maximum lift coefficient is implemented by means of an Aircraft Design Initiator
setting. This setting is used as a starting value in sizing. For the horizontal stabilizer the maximum lift
coefficient is depending on the type of tail surface. For a fixed stabilizer, as employed on turboprop
aircraft, the maximum coefficient is empirically determined to follow Equation 4.13. [27]

Clymax = £0-35V 4y (4.13)

The assumption made by Torenbeek is that the tail surface is symmetrical and able to generate lift in
both directions of equal magnitude. In reality, tail surfaces for conventional designs are typically capable
of providing more downward lift, provided this is the limiting case for a forward c.g. position. This can
be done by either installing a tail under a certain angle of incidence or by using non-symmetrical airfoil
profiles. For this research the first is assumed where the total range of attainable C,, is still provided by
Equation 4.13, although the limit cases have been shifted to simulate the effect of stabilizer incidence.
The resulting incidence is different per configuration and will be shown later for the RTP and reference
aircraft.

4.3.2. Aerodynamic Center

All three scissor plot limits change relative to the aerodynamic center x,.. The total aircraft minus tail
aerodynamic center a.c. is determined as a summation of the wing a.c. and the influence of aircraft
components as provided in Equation 4.14.

J_Cac = J?aCW + AFJZG.C + AN)ZH.C + Apxac (414)

Which sums the position of the main wing a.c. with the shift caused by the fuselage, the nacelle and
the propeller.

Main Wing

The aerodynamic center of the main wing (x,,, ) is obtained empirically from Torenbeek Appendix E and
is expected to be close the quarter-chord point of the mean aerodynamic chord mac. [27] The method
does not allow to compensate for the shift in aerodynamic center due to the presence of power-on
effects, which is why the following assumptions are made.

The sweep angle A of the wing is low (<10°) as the operational velocity of the aircraft is limited at
moderate Mach numbers. These aircraft are operating below the transonic regime (M,, > 0.8~) where
the application of sweep is beneficial in delaying compressibility effects resulting in an increase in drag.
This low sweep angle assumption ensures the power-off a.c. of the wing is an accurate prediction for
the power-on a.c. as any influence of the slipstream is expected to shift the a.c. lateral position only.
The second assumption is that the propeller forces are not included in the determination of the clean
wing as the influence of these is included in a separate term of Equation 4.14.

Fuselage

Presence of the fuselage results in a forward shift of the aerodynamic center, hence Agx,. is destabi-
lizing the aircraft. The effect of the fuselage is determined using the Engineering Sciences Data Unit
(ESDU) empirical model of Equation 4.15.[3] According to Catalano this method is accurate to a couple
percent-point for a variety of wing-fuselage combinations when compared to wind tunnel results.[13]
The previous implementation of Torenbeek showed discrepancies between the theoretical a.c. position
and the wind tunnel results of over 10% for certain wing-fuselage combinations. As the shift due to the
fuselage is expected to greatly influence the longitudinal a.c. position, any method providing a greater
accuracy is desirable.

¢ b2FG h
ApFge = ;C}Z < [1 +0.15 <d_i - 1)] — (K1 + 2K;) (4.15)
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Equation 4.15 shows the calculation of a shift forward (destabilizing) in a.c. position due to the presence
of the fuselage. In this equation the equivalent wing root chord c,, mac, fuselage width by, fuselage
height h and wing reference area S are all geometric properties of the aircraft (see Section 4.2.3). The
function constants F and K; are purely based on geometric properties and obtained from carpet plots
provided by ESDU. Similarly, constants ¢ and K, are obtained and do scale with free stream Mach
number (M) only. In power-on, the influence on the aircraft a.c. by the fuselage is decreased (less
destabilizing) in case of a slipstream present because the wing lift gradient (C; ) will increase. As a
result, the denominator of Equation 4.15 increases, reducing the forward shift of the a.c..

Nacelle

The a.c. shift due to engine nacelle Ax,, is given by Equation 4.16, an empirical relation obtained

from Torenbeek.[27]
b3l
AyRoe = Zk,v = C’LV N (4.16)
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Where the summation ensures the correction per each engine is added. The influence of the nacelles
on the a.c. depends on the position of the nacelle relative to the quarter-chord mac [, defined in
Section 4.2.3. Factor ky is by definition negative so that engines aft of the quarter-chord point on the
mac are a stabilizing contribution. This is equivalent to the effect of fletching on an arrow. The only
power-on effect to be considered here is the wing-fuselage combined lift gradient €, .. and this value
is increased in power-on, assuming the influence impacts the main wing. Comblned the nacelles are
stabilizing when placed aft and destabilizing when located in front of the quarter-chord mac and the
influence on the a.c. is magnified when including slipstream effects.

Propeller

The final component in the determination of the aircraft minus tail a.c. is the shift due to the propeller,
denoted as Apx,. in Equation 4.14. As one expects this contribution changes substantially between
the power-off and power-on case. The influence is determined using Equation 4.17, accounting for the
feathering of a propeller in power-off situations.[27]

B, D2l
ApZy, = —o.osz % (4.17)
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The contribution per engine scales with the number of blades B, and the diameter of the propeller
D,. The effect is similar to that of propeller solidity o presented before where the influence increases
for propellers with a large amount of blades. The contribution is destabilizing in case the propeller is
present in front of the quarter-chord mac as the value of [, is defined to be positive in such a case.
Therefore, propellers aft of the a.c. of an aircraft will shift the a.c. aft. In case of power-on this propeller
effect on the a.c. is absent and the effect of propeller thrust and normal force are included in other
components of the tail sizing limits.

Total

Finally, by applying Equation 4.14 the total aircraft minus tail a.c. position is determined for the aircraft.
A typical position for an isolated wing a.c. is around the quarter-chord mac position. From here the
fuselage is shifting the a.c. forward, an effect that can be countered slightly by the presence of a main
wing propeller slipstream increasing the lift gradient of the wing-fuselage combination. The position of
the engines is crucial as well, where aft positioned engines and propellers are shifting the a.c. aft. This
effect scales with the lift gradient of the wing-fuselage combination for the nacelles where the propeller
itself is not adding a contribution directly in case of normal operation.

Applying the a.c. position to the limits of Figure 4.3 a further aft a.c. allows the stability limit of Figure 4.3
to shift to the right, allowing for a potentially lower tail surface area ratio by shifting the n.p. further aft.
Contrasting to this is the effect on the stall equilibrium limit and rotation requirement. Here, a further aft
a.c. limits the design space by shifting the limits to the right, requiring a trade-off between both sides
of the scissor plot limits.
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4.3.3. Pitching Moment Coefficient

The aircraft minus tail pitching moment about the a.c. C,,__ is determined as a summation of factors as
presented in Equation 4.18 Standard sign convention is defined as negative for a nose-down pitching
moment.

Cng =C

macw T AFCinge + AnCmg, + DipCimg, (4.18)
Similar to the determination of the a.c., the pitching moment is a summation starting from the main wing
contribution. The result is the aircraft-minus-tail total pitching moment coefficient that can be applied

to the limits of the scissor plot sizing to determine the horizontal stabilizer contribution.

Main Wing

The starting point is the clean wing pitching moment ;. This value is determined using the USAF
DatCom.[18] This collection of methods is created to, among others, assess performance of lifting
surfaces. The wing pitching moment about aerodynamic center is by definition not different per flight
phase as it is determined for the clean wing (no deployment of HLDs) at zero lift.

The power-on effects on the pitching moment of this wing are limited to only include the increase in
dynamic pressure q in the slipstream as direct propeller forces have been implemented in the surface
lift coefficient before. The method employed is a collection of equations presented by T. Bouquet who
was able to verify the applicability of the equations by means of wind tunnel tests. The final result to
determine the effect of slipstream on a clean wing is shown in Equation 4.19. [9]

2
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This gives the change in pitching moment coefficient at zero angle of attack for a clean wing with
slipstream present, Cp,,. 0. The equation presented is including the slipstream geometry in Ds and cg
together with the wing reference area S. The total contribution is performed per engine and will be
a negative pitching moment contribution in case the increased flow velocity of the slipstream, AV, is
present. The assumption made here is that any increase in lift due to the slipstream is applied at the
quarter-chord of the influenced wing section. In reality the a.c. of the clean wing will be close to this
point, allowing for this simplification.

Fuselage

The effect of the fuselage on the pitching moment is determined using Equation 4.20 from Torenbeek.[27]

(4.20)
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Where fuselage dimensions bg, hr and [ are included as geometric properties of the aircraft, together
with the wing reference area S and the mac ¢. The wing lift coefficient at zero angle of attack C,, is
obtained from the wing lift gradient presented before. This value is affected by flight phase and power
setting together with the wing-fuselage lift gradient ;.. Since the ratio of C, over ;. both
change with this gradient the net effect of the power-on condition on the pitching moment coefficient is
minimal.

Nacelle

The third component of Equation 4.18 Ay G, . accounts for the engine position and its contribution is
a constant depending on the vertical distance between aircraft c.g. and nacelle. In case the nacelle is
below the aircraft c.g. the contribution is nose-down and equal to —0.05. In case the nacelle is present
above the c.g. the pitching moment coefficient is increased by 0.02. [27] In general this effect is of
minor influence on the total aircraft pitching moment coefficient and is unaffected by power-on effects.
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High Lift Devices

The final contribution to the pitching moment coefficient is due to the presence of HLDs. This contribu-
tion is included for the take-off and landing configuration and needs to be determined for power-on and
power-off conditions. The contribution is implemented from Torenbeek [27, App. G] and determines
the flap contribution on wing pitching moment. This contribution induces a strong negative pitching
moment coefficient due to the flap placement aft of the a.c. Only for highly swept wings with inboard
flaps this negative contribution diminishes or may indeed rise to a pitch-up effect on the aircraft.

The differentiating factor between power-off and power-on is the position of the aircraft a.c. In power-
on there is a contribution to the pitching moment by the slipstream impacting the deployed flaps. This
influence is given by Bouquet as Equation 4.21. [9]

¢’ Cf . ¢’
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The first term is to account for the addition of lift away from the quarter-chord point due to the deflection
of the flap &, relating the chords defined by Figure 4.8. The final term is accounting for the change of
this chord with the change in angle of attack. Both changes in lift coefficient AC, , and ACy; , stem from
the increase in lift due to the propeller slipstream AC,.. The values have been separated to account for
the effect of lift offset and an increase in angle of attack, respectively.

Figure 4.8: Chord definitions for deflected flap. [9, p. 25]

It should be noted that Equation 4.21 is an addition to Equation 4.19 and as such both need be evaluated
for the main wing in all flight conditions.

Total

The final pitching moment coefficient will, taking into account all aforementioned effects, show the
following trend for Equation 4.18. The power-on effect will be mostly present for situations where
the total lift coefficient is increased due to the presence of HLDs. As such the landing and take-off
condition will show a strong increase in nose-down pitching moment where the cruise condition will not
show significant changes between power settings due to the absence of HLDs.

4.3.4. Horizontal Tail Velocity Ratio

A final and significant contribution to the effectiveness of the horizontal stabilizer and as such influential
to the limits of Figure 4.3 is the velocity ratio V; /V. This ratio is present in each of the scissor plot limits
and effectively accounts for the relative dynamic pressure of the lifting surfaces.

The method presented by Torenbeek is to determine the type of horizontal tail present on the aircraft to
set the ratio to a fixed value based on reference aircraft. For a T-tail configuration the ratio is assumed
to equal 1.0 ~, denoting the absence of main wing influence on the tail free stream velocity. A more
conventional tail design is approximated with a velocity ratio of 0.85 ~. [27]

For the power-on situation the tail velocity ratio can be one of the dominating influences on tail sizing
limits. This is because the velocities in the contracted propeller slipstream can be significant as shown
in Chapter 3. The expectation is values of over twice the free stream flow velocity in low speed, high
thrust situations are not uncommon, showing the velocity ratio can seriously affect all limits shown in
Equations 4.3, 4.6 and 4.11.
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4.3.5. Center of Gravity

The final tail area ratio of Figure 4.3 is dependent on the total c.g. excursion of the aircraft. This
excursion is the range between the two extreme bounds in which the aircraft c.g. exists. These bounds
are defined using a loading diagram where the aircraft operating empty mass (OEM) is increasing
with passengers, cargo and fuel mass to end up at the MTOM. A typical example of a 2-2 seating
layout aircraft is presented in Figure 4.9. Here one sees that the final forward and aft c.g. limits are
obtained from the aircraft loading phase. The shift during the maximum payload mission is minimal in
this example, depicted by the close-to-vertical fuel line. For typical aircraft it is not uncommon to impose
additional limits on the c.g. by providing aircraft loading instructions. Such additional limits decrease
the excursion for which the horizontal stabilizer should function and as such allow for an even smaller
surface.
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Figure 4.9: Typical aircraft loading diagram showing most forward and most aft c.g. limits

The final c.g. excursion is determined in a tail optimizer which varies the position of the main wing.
The wing position that results in the lowest value of the tail area ratio S /S is selected. This process is
presented by Figure 4.9, showing the final (optimum) position together with two more displaced wing
positions.
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Figure 4.10: Aircraft c.g. excursion versus main wing position relative to fuselage length

For the final position, the module once more determines the limits of the scissor plot and checks whether
the selected tail area ratio does satisfy all conditions set. The influence of shifting the main wing is
significant as it results in a shift of the main gear and fuel, assuming both are integrated with the main
wing. This means that the more backward position of the main wing shown in Figure 4.10 results in a far
larger c.g. excursion. One aims to minimize this excursion in order to allow for the smallest possible tail
surface area as presented with Figure 4.3. Note that the optimizing for main wing position is performed
irrespective of power setting, resulting in the final c.g. limits and excursion.
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For this final c.g. excursion all limits presented for stability, equilibrium and rotation are evaluated
(Equations 4.3, 4.6 and 4.11). The result is a tail surface ratio Sy /S satisfying all limits. Longitudinal
stability is restricted by the most aft c.g. position when an aircraft typically requires positive tail lift.
The equilibrium limit is where, due to the high lift devices, a high nose-down pitching moment needs
to be balanced with the downforce from the horizontal stabilizer. The most forward c.g. is limiting here
as for conventional aircraft layouts the weight of the aircraft is offering the least relief on the nose-
down pitching moment, requiring the stabilizer to produce a large counteracting moment. Similarly the
rotation limit is assessed at the least favorable forward c.g. limit as here the aircraft weight provides
the least assistance in providing a nose-up rotational speed.

4.4. Power-on Effects on Scissor Plot Limits

Summarizing the effect of including propeller slipstream effects some observations are made for con-
ventional aircraft, assuming . Assuming that lifting surfaces are affected by the propeller forces and
slipstream, the lift curve slope for components increases. This lift curve slope is employed in numerous
methods. The ratio of the lift curve slope can adversely influence the limit for static stability, whereas
the indirect influence is present in the determination of the total aircraft-minus-tail a.c. The a.c. shifts
aft for increasing lift gradient and for nacelles and propellers aft and above the c.g. The a.c. defines
the starting point of the stability and equilibrium limits in the scissor plot and a balance between stability
and equilibrium at high lift needs to be struck.

The nose-down pitching moment C,,, = strongly increases with flap deflection and the influence of the
slipstream on the wing section. Furthermore with the aft shift in a.c. the total tail load for longitudinal
equilibrium at stall is expected to be more negative. This lift is bound by the maximum lifting capacity
of the surface, showing the needs to counteract the strong nose-down effects.

The rotation limit is expected to be critical only in case the landing gear position is placed significantly
rearwards in terms of mean aerodynamic chord mac. For such a case the download from the tail to
ensure rotation speed is expected to be larger than the download to ensure equilibrium in low-speed
high-lift conditions due to the aircraft weight force counteracting the nose-up pitching.

A propeller slipstream impacting the lifting surfaces results in a drastic dynamic pressure increase which
is 