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This paper evaluates the impact at aircraft level of the elastic efficiency of an advanced rear-end concept
for a large passenger aircraft, exploiting a low-fidelity yet reliable aeroelastic approach. The innovative
concept leverages a forward-swept horizontal tailplane to unlock a tail-fuselage connection such that
a structural opening in the aircraft’s rear-end is avoided. This installation allows for weight reduction
in the structure, resulting in a positive impact on aircraft fuel burn. Moreover, a forward-swept tail
has a different aerostructural behaviour that can be exploited to reduce its size with further weight
and aerodynamic drag savings. In this respect, elastic efficiency is a crucial parameter for measuring
the impact of this configuration at the aircraft design level. It takes into account both aerodynamic
and structural characteristics, making it a comprehensive measure of effectiveness. Two different tail
arrangements are being considered for an A320 neo-like aircraft: an innovative forward-swept design and
a conventional layout that is equivalent. The results indicate that the forward-swept horizontal stabilizer
has a higher elastic efficiency compared to the conventional tail arrangement. This could potentially lead
to a reduction of the tailplane surface by approximately 2%, while still maintaining the same stability and
control characteristics. This reduction in tail size unlocks the potential for fuel savings of approximately
0.5% on a mission profile of 3,400 nautical miles. Elastic efficiency is just one of the advantageous
features of this innovative concept. By incorporating all the innovations proposed by the advanced rear-
end concept, a weight reduction of up to 20% at the component level is expected. This could potentially
result in fuel savings of approximately 2% for an aircraft similar to the A320neo, which has a mission
range of 3,400 nautical miles.
© 2023 Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

During the last few decades, the advancement of key enabling
technologies has contributed to the improvement of transport air-
craft in terms of aerodynamics, structures, propulsion systems, and
more [1]. In recent years, numerous research studies have inves-
tigated possible novel aircraft configurations, proposing innovative
layouts that significantly change the appearance of aircraft. One
such example is the blended wing body design [2,3], box-wing or
joined wings [4-6], double-bubble aircraft [7,8].

Despite the potential benefits that these innovative configura-
tions introduce, they require drastic changes and add complexity,
which can represent risky solutions for both manufacturers and
airlines. To reduce the impact and risks associated with introduc-
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ing complex solutions, a viable approach is to explore novel aircraft
configurations that involve minor modifications to existing aircraft.
In this respect, the Advanced Rear End concept (ARE) aligns with
this idea.

Reductions in tail-plane size resulting from advancements in
design and improvements in empennage efficiency and effective-
ness have the potential to enhance aircraft performance by re-
ducing fuel burn and weight. The penalties associated with meet-
ing both longitudinal and directional stability and control require-
ments make up a significant portion of the total aircraft drag.
Loads acting on aircraft tails contribute to the overall induced drag,
compressibility, profile drag, structural weight, and maximum lift
capability of the aircraft. The empennage of a typical Large Passen-
ger Aircraft (LPA) accounts for one-fifth to one-fourth of the total
lifting surface and 3% up to 6% of the maximum take-off weight.
It contributes 5% to 8% to the total trimmed drag in cruise condi-
tions [9].
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Nomenclature

o Percentage of absorption contribution of first spar

Xacy Wing aerodynamic centre position as fraction of mean
aerodynamic chord

XCG, Maximum backward centre of gravity position as frac-

tion of wing mean aerodynamic chordMaximum back-
ward centre

XCGy Maximum forward centre of gravity position as frac-
tion of wing mean aerodynamic chord

Avip Rib spacing

7 flex Tail elastic efficiency parameter

r Dihedral angle

Ale Tailplane sweep angle at the leading edge

v Poisson modulus

ARp, Tailplane Aspect Ratio

Cr Root chord

Ct Tip chord

Chox Tail wing-box length (chord percentage)

Cryg Design lift coefficient for the horizontal tail

Clyax,, Maximum lift coefficient of the wing-body configura-
tion

Ciac Wing mean aerodynamic chord

de/do  Downwash gradient at horizontal tailplane

hq Height of the first spar of the tail wing-box (chord per-
centage)

hy Height of the second spar of the tail wing-box (chord
percentage)

HTP Conventional Horizontal Tail Plane

kg Rear end weight reduction coefficient

kw Fuselage rear end weight reduction coefficient

Iy Longitudinal distance between wing-tail aerodynamic
centres

Lp, Lift force at sizing condition for the horizontal tail

Sm Safety margin

Sw Wing reference area

Sy Yielding stress

trip Rib thickness

Wwmro  Aircraft maximum take-off weight

Xac Local tail section aerodynamic centre position (chord
percentage)

Xcg Local tail section centre of gravity position (chord per-
centage)

Xec Local tail section elastic centre position (chord per-
centage)

ARE Advanced Rear End

b Span

CFD Computational Fluid Dynamics

E Young modulus

EU European Union

FEM Finite Element Method

FSHT Forward Swept Horizontal Tail
FSI Fluid Structure Interaction
LPA Large Passenger Aircraft

TR Taper Ratio

VLM Vortex Lattice Method
WB Wing-Body configuration

The simplest unconventional solution is represented by the V-
tail [10,11]. This solution is sometimes used in remotely piloted
aircraft and has also been implemented in mass-produced manned
aircraft, such as the Beechcraft Bonanza M35. However, the results
of the NEFA [12] project concluded that while a V-tail configura-
tion offered performance improvements due to its reduced wetted
area, the added complexity and additional system resulted in no
weight or cost benefits over a conventional empennage. A compre-
hensive study on advanced rear-end configurations was recently
conducted in the EU-funded project NACRE [13] and demonstrated
that such configurations could provide benefits in terms of reduc-
ing empennage drag, but not in terms of weight.

To further advance the introduction of rear-end concepts that
effectively reduce drag and weight, this paper investigates the use
of a forward-swept horizontal tailplane.

The adoption of a forward-swept tailplane enables a structural
configuration in which the connection of the horizontal tail to the
rear end does not necessitate a structural opening in a region of
the fuselage that is heavily impacted by structural loads [14], as
shown in the sketches of Fig. 1. By removing the structural open-
ing at the rear end, the weight of the fuselage can be reduced by
eliminating the need for local reinforcements to withstand aerody-
namic loads. This solution also reduces fuselage deformation under
aerodynamic loads, resulting in a more effective horizontal stabi-
lizer surface [14].

Transonic aircraft wings typically have a positive sweepback.
The main reason is linked to the aircraft encountering a vertical
gust during its flight. In the case of positive sweepback, the bend-
ing deformation decreases the local angle of attack, resulting in a
natural reduction of aerodynamic loads. In the case of a wing with
a negative sweep angle, the effect is opposite. When encounter-
ing a vertical gust, the wing’s bending causes higher local angles
of attack, which increases loads and bending. As a result, static di-

vergence may occur, leading to structural failure. Forward-swept
wings are capable of withstanding significantly higher gust loads
compared to wings with positive sweepback, which makes them
heavier. Despite this drawback, some studies have investigated the
possibility of exploiting the aerodynamic benefits of a forward-
swept wing [15,16] proposing a solution to mitigate the coupling
between flexional and torsional deformation by using aeroelastic
tailoring techniques.

In terms of structural sizing, aeroelasticity is less demanding for
wings with a relatively low aspect ratio. Thus, in the case of hor-
izontal tails, introducing negative sweep angles could be a viable
solution to improve the performance of the rear-end and empen-
nage.

Forward-swept lifting surfaces offer several aerodynamic advan-
tages over conventional sweepback designs. For a given leading
edge sweep angle, forward-swept wings exhibit a shock-sweep an-
gle that is five degrees higher than that of aft-swept wings [17].
Therefore, the implementation of a forward-swept design neces-
sitates a smaller sweep angle at the leading edge in comparison
to a positively swept-back layout with an equivalent sweep an-
gle at the quarter chord line. A smaller sweep angle decreases
the flow’s inclination to move along the wingspan, leading to re-
duced aerodynamic drag. Moreover, in a forward-swept wing, the
airflow moves from the tip to the root, resulting in higher stall
angles [18], increasing the maximum aerodynamic forces or de-
creasing the tailplane area can result in the same maximum force
while potentially reducing drag and weight.

The forward-swept design also offers another advantage due to
its ability to deform elastically under aerodynamic loading. When
a pure up-bending load is applied to an aft-swept wing, the differ-
ent elastic displacements at the leading and trailing edges cause a
decrease in the wing’s incidence angles.
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Fig. 1. Comparison between the structural arrangements of a conventional positive sweepback and a forward-swept tail [14].

This behaviour is reduced or even reversed when a forward-
swept wing is considered, resulting in a higher aerodynamic lift
gradient and improved stabilizing performance. With equivalent
aerodynamic performance, reducing the size of the stabilizer can
result in lower weight, cost, and drag.

To summarize, a forward-swept tailplane would be more ef-
ficient than a conventionally swept tailplane in terms of size,
weight, and aerodynamic drag, provided that both stabilizer sur-
faces have their aerodynamic centre at the same distance from the
wing’s aerodynamic centre.

There is currently no publicly available research on the in-
troduction of negative sweep angles on horizontal stabilizers. In
general, there are few indications or applications that explore the
effects of elastic efficiency on horizontal tailplane aerodynamics.

Obert in [19] illustrated the impact of elastic deformation on
the longitudinal stability and control of a standard reference air-
craft under varying dynamic pressures, collecting data from Skoog
et al. [20,21].

To accurately estimate the elasticity of the tail, it is necessary
to consider both aerodynamics and structural engineering. The cur-
rent state-of-the-art approach for addressing aeroelastic problems
involves conducting high-fidelity Computational Fluid Dynamics
(CFD) and detailed Finite Element Method (FEM) analyses. The
goal is to achieve the most accurate prediction of aerodynamic
and structural interactions [22-24]. Furthermore, to attain a prac-
tical aircraft design and optimization, it is essential to consider
multiple flight conditions and a significant number of design vari-
ables simultaneously, as demonstrated by Lyu and Martins [25,26].
Although several techniques, such as gradient-based methods or
coupled adjoint [25,27] have the potential to reduce the number of
function evaluations, implementing such an approach would result

in a significant increase in computational cost, as demonstrated by
Kenway and Martins in [27].

The benefit of using low-fidelity approaches is that they are
relatively inexpensive, which makes it possible to gather larger
amounts of data. However, one limitation of low-fidelity data is
that it may not provide an accurate prediction of actual behaviour
or fully encompass all of the physics involved in the problem being
investigated.

Several efforts in developing and using reliable low-fidelity
tools to solve aerostructural problems can be found in the liter-
ature.

Jasa et al. [28] demonstrated the development of coupled
aerostructural software that utilizes low-fidelity tools to predict
the aeroelastic behaviour of a wing. The software combines a Vor-
tex Lattice Method (VLM) and 1-D finite-element analysis to model
the lifting surfaces.

An improved approach is presented by Chauhan [29], where the
lifting surface structure is modelled as a wing box consisting of up-
per and lower skins and two spars. This approach has been used to
perform aerostructural optimization of the Boeing 777 wing with
the goal of minimizing fuel burn. There was approximately 10%
compliance with the results of the same optimization problem ap-
proached through high-fidelity tools by Brooks et al. [30] has been
found.

A similar tool for aerostructural coupling is shown by El-
ham [31], where a method for optimization with lower computa-
tional cost is introduced. This tool calculates wing drag and struc-
tural deformation with accuracy comparable to higher fidelity CFD
and FEM tools. An inviscid, incompressible vortex lattice method
is combined with a viscous, compressible airfoil analysis code
to predict drag on a three-dimensional wing in a quasi-three-
dimensional aerodynamic solver. The wing’s structural deformation
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Fig. 2. Forces, moments, and lever arms are used to calculate the pitching moment of an aircraft.

and wing-box stress distribution are estimated using a finite beam
element model.

FEM is not the only method for modelling the elastic be-
haviour of a wing, even when dealing with highly flexible lifting
surfaces. A possible lightweight approach to addressing coupled
aeroelastic problems involving large nonlinearities is presented by
Changchuan [32,33]. These works employ a low-fidelity approach
with the aim of reducing computational costs. To model large de-
formations of the wing, a non-planar vortex lattice method (VLM)
is employed to predict aerodynamics, while a reduced-order model
is used instead of an expensive non-linear finite element method
(FEM) approach. The coupling between structures and aerodynam-
ics is achieved through the use of the surface spline method. These
models are computationally inexpensive compared to non-linear
FEM, yet they still provide reliable results.

By utilizing a low-fidelity aerostructural approach, this paper
aims to demonstrate how a single aspect of the proposed concept,
namely elastic flexibility, can lead to a reduction in the size of the
horizontal tailplane.

This paper aims to quantify the potential benefits of the ad-
vanced rear-end concept for large passenger aircraft. This repre-
sents a significant step forward in introducing the concept as a
feasible solution for achieving significant fuel burn reduction and
enhancing the performance of large passenger aircraft.

The rest of this paper is structured as follows. Section 2 briefly
describes the preliminary sizing procedure for aircraft horizontal
tails, defines the parameters under investigation, and outlines the
methodology adopted for the aero-structural investigations. Sec-
tion 3 reports the results dealing with two possible tailplanes
geometry of a reference LPA aircraft similar to the Airbus A320-
neo. The potential benefits in terms of fuel savings brought by
the implementation of the proposed ARE concept are assessed in
section 4. Finally, some conclusions and remarks are drawn in sec-
tion 5.

2. Material and methods

This section provides a brief description of a commonly used
approach for the preliminary sizing of a horizontal stabiliser. It also
defines the elastic efficiency parameter and gives an overview of
the methodology adopted to assess the aeroelastic calculations.

2.1. Elastic efficiency parameter and tailplane sizing

The horizontal stabilizer is typically designed to ensure a cer-
tain degree of static stability and provide sufficient control by
achieving an appropriate maximum lift coefficient during down-
ward lift. Critical factors that determine the size of the tailplane
are typically the stability during cruise conditions and the control
required for landing.

The effects of elastic deformation on tail aerodynamic be-
haviour are often overlooked during the preliminary sizing phase.

However, when considering reducing the tail size to improve em-
pennage aerodynamic efficiency and achieve aircraft performance
gains through fuel burn and weight reduction, the elasticity of the
tail may play a significant role.

The elastic behaviour of the tailplane affects both the stability
and control of the aircraft. The common practice for determining
the tail area during the preliminary sizing stage is to establish two
relationships between the wing and tailplane area ratio, denoted as
Su/Sw, and the longitudinal distance between the centre of gravity
and the aerodynamic centre, represented by (XCg - Xacwf) /Cmnac-
These relationships are used to satisfy the aforementioned sizing
conditions. Referring to the force and moment diagram in Fig. 2,
the elastic efficiency factor can be introduced.

This factor is defined as the ratio between the elastic and rigid
lift curve slopes, as shown in Eq. (1), the sizing conditions can be
expressed using Eq. (2) and Eq. (3).

C .
N flex = ( La)elastzc (1)
(CLa)rigid
Sh [Cmowf + Cing, + CLyp (Xcg - Xacwf)]cmac
Sw B N flex 1h {CLh [lh + (Xcg - Xacw)cmac] - CmacCMoh }
—_—
elastic efficiency
(2)
S_h _ CLoch (XCg - Xanf)
Swo { pex  MmCiry, (1= 56)[(Xeg — Xacyy) + 2]}
elastic efficiency
3)

These equations are usually combined into a single graph, the
so-called scissors plot [34], as shown by Fig. 3, where a qualita-
tive scissors plot is illustrated. Between these limitations, for an
assigned centre of gravity excursion range the minimum tail plan-
form area can be estimated. The region of interest lies above the
horizontal dashed line shown in Fig. 3. It is also worth highlighting
that the aft centre of gravity is usually positioned at a safe dis-
tance from the natural stability limit which is, for a conventional
jet transport aircraft, a value between 3% and 5% of the wing’s
mean aerodynamic chord [35-37].

By altering the effective lift curve slope of the horizontal
tailplane, the elastic efficiency causes the stability and control lim-
itation curves to exhibit a distinct slope from that of the rigid case.
Generally, in a conventional positive sweepback arrangement, the
tailplane area is oversized to compensate for the negative effects
of elastic efficiency. In the case of a forward-swept tail, the two
limitation curves may have a reduced slope, which allows for the
possibility of reducing the minimum required tailplane area upon
a specific centre of gravity excursion range.



S. Corcione, V. Cusati, V. Memmolo et al.

Control S,
Limitation

Minimum Stability
Horizontal Limitation
Tail AFe'a Required
For a specific CG Range
Centre of Gravity

Excursion

Static Stability

7 Margin
+ + + + >
02 01 /40 01 02
Wing-Fuselage %

Aerodynamic Centre

Fig. 3. A qualitative representation of the scissors plot diagram can be used to de-
termine the minimum required horizontal tail area, taking into account control and
stability limitations.

2.2. Alow fidelity approach for fluid-structure interaction

The literature review clearly indicates that a low-fidelity ap-
proach can produce reliable results, even in cases where a lifting
surface experiences significant elastic deformations.

It is worth highlighting that the applicability of the aforemen-
tioned approaches is limited to the extent that the elastic proper-
ties of a lifting surface are known.

To fulfil the aim of this research, a low-fidelity Fluid-Structure
Interaction (FSI) approach has been developed. This approach relies
on an enhanced VLM method for aerodynamic calculations and a
semi-analytical approach for both structural sizing and deforma-
tion analysis. The two disciplines are interconnected, as shown by
the conceptual workflow in Fig. 4.

The adoption of a low-fidelity approach is driven by the au-
thors’ ambition to conduct further research and explore a wide
design space. The goal is to develop a prediction method, in the
form of a surrogate model, for the elastic efficiency of aircraft
tailplanes. This model can be used in the early stages of design.

The FSI process begins with generating an initial rigid tail shape
using a set of macro design variables, which essentially refer to
the planform parameters. The external rigid shape determines the
masses and properties of key structural elements based on elastic-
ity and stiffness, in accordance with specific structural layout and
sizing conditions. Sizing conditions are determined based on the
flight envelope diagram [38], including manoeuvring conditions,
starting from a baseline aircraft.

Once the structural sizing has been completed, the shape of
the tailplane is used to inform an enhanced vortex lattice method
(VLM) developed by the research team of the authors [39] to calcu-
late aerodynamic loads in specific conditions across various angles
of attack, including nonlinear lift regimes.

Aerodynamic loads are transferred to the structural tool for
each angle of attack to estimate the elastic deformation of the tail.
The modified geometry, accounting for vertical displacements and
sectional twists caused by torsion, is analyzed using the VLM code
to update aerodynamic loads.

This data exchange is part of a converging loop that concludes
when both the integral lift coefficient and the minimum squared
error in the lift distribution between two consecutive iterations fall
below a designated threshold. This loop is performed for both rigid
and elastic tails across the assigned array of angles of attack.

More details about the used VLM method are provided in Ap-
pendix A.

Regarding the structural sizing and deformation analysis, an in-
house developed tool has been adopted. This tool addresses the
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Fig. 4. Multidisciplinary aeroelastic workflow.

conceptual definition of a lifting surface and facilitates the prelim-
inary sizing of its structural components.

To determine the critical loading condition on the tail and drive
the structural sizing, the first step is to construct the classical V-
n diagram for the aircraft in question. According to the aircraft
category examined in this paper, the FAR25 regulation [40] can be
utilized to establish the flight envelope and then estimated the bal-
ancing loads required to the tailplane, including the most critical
manoeuvring conditions.

The tailplane is modelled as a combination of primary and sec-
ondary structures. The mass of the primary structure is calculated
using basic structural analysis that relies on estimates of stress
and deformation. The distribution of internal stresses acting on the
lifting surface is derived using a beam-like approach, taking into
account the contributions of various bearing elements. The opti-
mal size of the wing is achieved by considering the weight of spar
caps, webs, ribs, stringers, and panels in the wing box to obtain the
minimum overall weight of the wing. Moreover, the computation
of the primary structure mass takes into account bending moment
relief, material properties, weight penalties and the bending-twist
coupling to correctly estimate the load condition of a swept plan-
form.

Regarding load absorption, the spar caps are primarily respon-
sible for resisting bending and can withstand the in-plane stress
that results from it. The spar webs are sized to withstand the shear
forces that act on the section, as well as the external forces that
are perpendicular to the surface of the wing box, and the torsion
that is induced by aerodynamics. The latter also provides the basis
for establishing the thickness of the skin. This is clearly a rough
assumption that is neither overly cautious nor unsafe. Actually,
since each component bears its own load, the combined action can
alter the local stress field and lead to suboptimal component siz-
ing. However, despite some localized effects, these assumptions are
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Fig. 5. Lifting surface structural decomposition.

well-suited for the preliminary sizing of aerostructures. In addition,
a property constraint is included to address manufacturing issues,
and a minimum thickness and/or area is always maintained for
each component. The procedure returns the distribution of proper-
ties for each element in terms of mass and geometry. The former
provides the total mass of the tailplane when integrated across the
entire wingspan. The latter allows for the estimation of the struc-
tural stiffness across the wingspan. Specifically, El(y) provides the
distribution of bending stiffness along the wingspan, while GJ(y)
provides the distribution of torsional stiffness.

The amount of mass required is only enough to withstand criti-
cal loads and-or deformation. The secondary structure is composed
of fixed leading and trailing edges, control surfaces, and high-lift
devices. The weight of these components is estimated using sta-
tistical methods that depend on their geometry [41]. As described
above, the problem of tail mass can be expressed as the sum of
primary and secondary structure masses. An outline of the struc-
tural classification of several components is reported in Fig. 5.

Complex structural phenomena, such as effects of combined
loads, dynamic effects and so on, are neglected. Distortion of cross-
section is not considered, flat sections remain flat after load appli-
cation.

More details about the proposed structural approach are pro-
vided in Appendix B

3. Case studies: conventional and forward-swept horizontal
tailplanes

The software chain described in section 2, allows to perform
low-medium numerical investigation on several geometries in a
relatively short amount of time.

Two reference geometries were selected to measure the poten-
tial benefits, if any, of the FSHT in terms of weight, elasticity, and
aerodynamics.

The reference geometries were provided by Airbus as part of
the European project IMPACT [42].

As stated above, it was expected that the elastic tailplane be-
haviour would improve under aerodynamic loads due to the nega-
tive sweep angle. This configuration should withstand bending and
torsion loads differently than the conventional configuration with
a positive sweep angle value. Indeed, the angular deformation re-
sults in a higher effective angle of attack of the tailplane, which
in turn increases its lift capability. The main geometric parameters
are shown in Fig. 6, and collected in Table 1 and Table 2.

Following the procedure described in the previous section, it
was possible to accurately size the tailplane structure according to

Ailerons &
Spoilers
m.a.c. — l.e.
| A
Xle C 1 Cr { ey Alc Y
- 2 o k\
c/4 o & | \\\\
- 70()’) )

line of ¢/4 points Xox

Fig. 6. Sketch of tailplane geometry with a description of the main parameters.

Table 1
Geometric data of a conventional configuration.
Symbol Value Unit Description
b 12.45 m tail span
cr 3.74 m root chord
[ 1.36 m tip chord
Ape 32.30 deg sweep angle at le.
r 6.00 deg dihedral angle
TR 0.331 taper ratio
Sh 30.99 m? tail surface
ARy 5.00 aspect ratio
Table 2
Geometric data for FSHT configuration.
Symbol Value Unit Description
b 12.45 m tail span
cr 2.72 m root chord
Ct 1.90 m tip chord
Aje -15.00 deg sweep angle at le.
r 0.00 deg dihedral angle
TR 0.700 taper ratio
Sh 30.99 m? tail surface
ARy 5.80 aspect ratio

the specific load scenario derived from the representative manoeu-
vring envelope for the primary structure. Table 3 presents data for
the wing-fuselage configuration. Sizing loads are collected in Ta-
ble 4, Table 5 illustrates the material, and Table 6 reports the wing
box characteristics.

The distribution of bending and torsional stiffness for both con-
ventional and forward-swept tails is shown in Fig. 7 and in Fig. 8.
The weight for both tailplane geometries is shown in Table 7.
Once the weight and stiffness distributions have been assessed,
the aeroelastic cycle is performed for each of the two configura-
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Table 3
Main aircraft characteristics.
Symbol Value Unit Description
Sw 125.0 m? wing surface
Ciac 429 m wing m.a.c.
Iy 1719 m wing-tailplane a.c. distance
Cliayyp 1377 WB maximum lift coefficient
Xacy 0.25 position of the wing a.c.
Wwumrto 724.9 kN Maximum Take Off weight
Rccf 0.17 maximum forward position of CG (% of wing Cpqc)
XcG, 0.37 maximum backward position of CG (% of wing Cpqac)
4.0B+07 [~ ‘
Table 4 r
izi r EI
Sizing load results. 358407 [t
Symbol  Value Unit  Description F \
- © . a 3.0E+07 |-
Lp, -28.9 kN design horizontal tail lift force F
Clyg -0.11 design horizontal tail lift coefficient (conventional) r
Clyg -0.11 design horizontal tail lift coefficient (FSHT) 25407 F \
4 estimated as suggested by Calcara [43], based on FAR 25.331 & 2.0E+07
AN
Z 156407 F \
Table 5 1.0E+07 |
Characteristics of the material. r
: — 5.0E+06 |
Symbol Value Unit Description * r T m=-—-d__L_ -
P 1500 kg/m3 Density 0.0E+00 |
Sy 200 MPa Yielding stress -
E 84 GPa Young modulus Sopropb Lo b b b b b bl
G 14.5 GPa Shear modulus 0 1 2 3 (4m) 5 6 7 8
v 0.35 Poisson modulus M
Sm 2.0 Safety margin

Table 6
Characteristics of the wing box.

Symbol  Value Unit Description

hq 0.14 height of first spar (chord percentage)
hy 0.08 height of second spar (chord percentage)
op 0.70 percentage of absorption contribution of first spar
Chox 0.45 wing box length (chord percentage)
trib 2.00 mm rib thickness
Avip 0.50 m rib spacing
Xac 25% aerodynamic centre position (chord percentage)
Xcg 35% centre of gravity position (chord percentage)
Xec 40% elastic centre position (chord percentage)
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Fig. 7. Bending and torsional stiffness distribution for the conventional tailplane (ex-
posed) using a semi-analytical method.

Fig. 8. Bending and torsional stiffness distribution for the exposed tailplane of the
FSHT using a semi-analytical method.

Table 7
Mass comparison between the two cases.

Conventional FSHT A
Mass (kg)  569.3 566.5 -0.5%

Table 8
Flight conditions for aeroelastic analysis.

Altitude Mach number
High-speed condition 11 000 m 0.78
Low-speed condition sea level 0.2

tions. The flight conditions are listed in Table 8. The procedure
begins with estimating the aerodynamic load for the rigid tailplane
configuration using an aerodynamic tool to determine the span-
wise lift distribution, denoted as C;(y). The distribution of weight,
torque from pitching, and other forces exerted on the structure
cause stress, resulting in a specific strain that includes a distribu-
tion of twist angles. This strain serves as the input for the second
step of the cycle. It was necessary to interpolate data on the same
query points in order to provide useful input for the aerodynamic
tools. This was done by starting with the output of the structural
analysis. During the second step of the cycle, a new distribution
of twist angle resulting from aerodynamic loads (and weight) was
applied to the structure that had been deformed in the previous
step. The cycle ends when the difference between the twist dis-
tributions of the two steps is below a certain threshold. Since the
objective was to estimate the ratio between the slope of the rigid
and elastic lift coefficient curves, it was necessary to perform the
aeroelastic cycle at different angles of attack. In this case, the cy-
cle was performed at three angles of attack: -4, -2, and 0 degrees.
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Table 9
Estimated value of 7 fjex.
Conventional FSHT
1 flex @high-speed condition 0.95 1.00
1 flex @low-speed condition 0.98 1.00

As mentioned earlier, the two tailplanes exhibit a distribution
of torque moment with opposite signs because of their sweep
angle. In particular, the torsion of the forward-swept tailplane is
influenced by a deformation denoted by 6(y), which amplifies the
magnitude of the angle of attack. This results in a more negative
angle than the rigid case would produce. Conversely, the conven-
tional tailplane experiences a decrease in the lift gradient when
compared to the forward-swept tailplane. The positive effect of
torsion can be measured by the nge, parameter. This parameter
is defined as the ratio between the rigid and elastic values of the
lift coefficient curve slope (Cy,, ), as shown in Eq. (1).

The majority of the effort put into this research could proba-
bly be summarized by the results reported in Table 9. The back-
swept geometry is characterized by a reduction in the lift gradient
(nfex < 1) at high-speed conditions, whereas the forward-swept
tailplane maintains an almost constant lift coefficient curve slope
(Nfiex = 1). However, the impact of flexibility is significantly di-
minished by the decrease in dynamic pressure, as the 7.y value
for low-speed conditions is approximately 0.98.

Indeed, one of the main objectives of this work was to deter-
mine how to incorporate higher elastic efficiency into the design
process for the FSHT configuration. It is crucial to identify the tail
with the lowest area that complies with both the linear and non-
linear design criteria at the same time [14].

The values of flexibility indices in Table 9 suggest that it is pos-
sible to reduce the surface area of the forward-swept tailplane by
approximately 5%, resulting in several beneficial consequences such
as weight and drag reduction. This reduction in weight and drag
leads to a block fuel reduction, which creates a positive snow-
ball effect. This is due to the favourable elastic behaviour of the
tailplane.

However, despite implementing the scissors plot approach de-
scribed in section 2, the potential surface reduction was limited by
the minimal impact of flexibility during low-speed conditions (ap-
proximately 2%). Nevertheless, it is important to remember that
the so-called non-linear capabilities are also crucial for design-
ing the tailplane, as clearly explained in [14]. In this respect, the
tailplane is usually designed with great consideration given to the
maximum (negative) lift coefficient, which is a fundamental pa-
rameter for handling quality as mentioned in Section 1. A realistic
prediction of these parameters can only be achieved with high-
fidelity tools such as a CFD-RANS solver. So far as the output of
the aeroelastic analysis is concerned, the possible surface reduction
should be considered equal to 2% (applying linearly the structural
gain due to elasticity).

3.1. Benchmarking: FEM and CFD

This section presents the results of a validation test comparing
the low-fidelity approach to high-fidelity aerodynamic and struc-
tural analyses for the proposed forward-swept tailplane. To em-
phasize the importance of the validation phase, the analysis is
conducted under critical sizing conditions for the tailplane struc-
ture.

3.1.1. FEM analysis

To validate the airframe design for the advanced rear-end, the
structural parameters are detailed, and a high-fidelity framework
for structural analysis is established. The process explained here
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aims to estimate the deformation of the initial structural design,
including the spar, web, rib, and skin, all of which are components
of the low-fidelity model.

The preliminary Finite Element (FE) model obtained from the
mass estimation process described in the previous section is
shown in Fig. 9 (a). The global horizontal tailplane finite ele-
ment model consists of linear shell and beam elements for various
airframe components. The spar and rib webs, as well as the hor-
izontal tail skins, are modelled as shell elements, while the spar
and rib caps and stringers are modelled as beam elements. The
load cases used for design and mass estimation are also utilized
for a more comprehensive structural strength assessment.

In particular, the configuration shown in Fig. 9 (b) is the FE ide-
alization of the FSHT design carried out for the increased fidelity
structural assessment.

The internal layout consists of a wing box structure with 12
bays, 10 stringers, and 12 skin panels per bay (6 for the upper and
6 for the lower skin), whose properties are equivalent to those of
the semi-analytical model.

However, the elements of the same bay are not tapered, i.e.
the thickness of the shell and the area of the stringer keeps con-
stant all through the bay and steps at the rib web. The box is then
closed with leading and trailing edges through shell elements too.
The static linear analysis is carried out by running SOL101 in NX
Nastran.

The comparison of the spanwise distribution of the vertical dis-
placement and the twist angle around 40% chord is shown in
Fig. 10 (a) and (b), respectively. In both cases, a slight difference
can be caught close to the root and the tip of the tail. Otherwise,
there is excellent agreement between low-fidelity and high-fidelity
solutions. The misalignment is due to the nonlinear effects of the
boundaries (root) and the lack of taper along the bay (tip). In both
cases, the finite element model is slightly stiffer than the semi-
analytical model. However, the effect on the global scale is quite
negligible.

3.1.2. Aerodynamics

The reliability of the aerodynamic loads predicted using the en-
hanced VLM approach has been validated through a high-fidelity
CFD analysis. The reliability and accuracy of the VLM are bench-
marked by comparing the lift coefficient distribution, the global
lift coefficient, and the angle of attack required to generate the ul-
timate downforce as prescribed by the structural sizing process.

The geometry of the tailplane is described by the planform pa-
rameters listed in Table 2, the sizing downforce is approximately
30 tons, as illustrated in Table 4, and corresponds to a tail lift coef-
ficient of -0.11. The high-fidelity analysis was performed using the
commercial software STARCCM+ [44]. The numerical model setup
details are reported in Table 10, whereas Fig. 11 shows a com-
prehensive view of a typical fluid domain and the application of
boundary conditions.

The variables, mesh, and scheme used for the VLM are illus-
trated in Fig. 12. The VLM approach, used as a linear solver for the
enhanced-nonlinear VLM, divides the tailplane surface into multi-
ple spanwise panels. A single horseshoe vortex is placed in each
panel at 1/4 of the local chord, and its free-stream sections extend
to infinity. Control points are placed at 3/4 of the chord length,
where the unit normal vector is computed. The number of sections
used as input for the VLM span is 8, while the aerodynamic data
is computed by dividing the lifting surface into 50 cross-sections.

The comparison of the spanwise distribution of the lift coeffi-
cient is shown in Fig. 13. In the case of a rigid structure, there
is excellent agreement between low-fidelity and high-fidelity solu-
tions. Table 11 presents the results of the validation case, which
compares the total lift coefficient of the tailplane and the corre-
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Fig. 9. Top (a) and isometric (b) views of the finite element model of the FSHT.
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Fig. 10. Vertical displacement and twist angle: FEM vs. Semi-Analytical Approach.

Table 10
Numerical setup and mesh characteristics for high-fidelity CFD analysis.
Parameter Value
Domain span 16 by /2
Domain height 30 by /2
Domain length 100 by /2
Mesh type unstructured polyhedral
On body minimum surface size 0.0042 (m)
On body target surface size 0.035 (m)
Number of volume cells 11 183 156

Number of prism layers 25

First cell wall distance 1e=6 (m)
Turbulence model SSTk —w
Flow model Compressible

Free stream
Pressure outlet

Inflow boundary condition
Outflow boundary condition

Number of iterations 5000
Mach number 0.2
Flight altitude sea level
Table 11
Rigid aerodynamic results: CFD vs. VLM.

VLM CFD

Lift coefficient -012 (w.r.t. Sw)

-0.47 (w.r.t. Sy)
-4.61 deg.

-0.11 (w.rt. Sw)
-0.46 (w.r.t. Sy)

Angle of attack -4.66 deg.

sponding angle of attack achieved. These global parameters are
analyzed to assess the accuracy of the simulation.

Outflow

Inflow

Far-Field
Flow Velocity
/

Symmetry
Plane

Wall BC on Tail

Fig. 11. Fluid domain and boundary conditions using STAR-CCM+.

Further demonstration of the proposed method’s reliability is
the comparison of spanwise lift coefficient distributions under
elastic deformation. As can be seen in the chart in Fig. 14, the
overall lift distribution is not affected by the slight differences be-
tween the vertical displacements and rotation angles calculated
through the semi-analytical or FEM approach (see Fig. 10).

The final benchmark involves comparing the aerodynamic load
estimated by both the VLM and CFD approaches on the elastic
forward-swept tail, taking into account the deformation calculated
through the FEM tool. This comparison is shown in Fig. 15 high-
lights the accuracy of the enhanced VLM tool in predicting loads,
even in the case of an elastically deformed lifting surface.
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Horsehoe's bound section

Fig. 12. System of horseshoe vortices, mesh, and variables in the VLM solver.
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Fig. 13. Lift coefficient distribution for the rigid case: VLM vs CFD.
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Fig. 14. The effects of deformations, calculated using both FEM and semi-analytical
approaches, on the lift coefficient distribution estimated through the VLM.

4. Impact at aircraft level

According to the scissors plot approach, the elastic efficiency of
the forward-swept tail suggests a potential reduction of the min-
imum tail area of about 2% (for a fixed range of centre of gravity
excursion).

This section will address the potential impact of reducing the
tail area on the aircraft using a multidisciplinary tool [45,46].
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Fig. 15. The comparison between the lift distribution of the elastic forward-swept
tail estimated through the VLM and CFD tools.

The reference for a large passenger aircraft is a platform similar
to the A320neo. The three views are shown in Fig. 16, whereas
some of the main overall aircraft data are presented in Table 3.
A design mission profile of 3,400 nm has been considered for a
180 seats capacity. An overview of the considered design mission
profile and flight performance of the reference aircraft is shown in
the infographic of Fig. 17.

Through a multidisciplinary analysis, it is possible to evaluate
the impact of a potential reduction in tailplane area on the air-
craft’s maximum takeoff weight and fuel burn.

To conduct a fair comparison between the conventional and
advanced rear-end designs, the forward-swept tailplane is slightly
shifted back to maintain a constant tail-level arm. This is accom-
plished by keeping the tail aerodynamic centre in the same posi-
tion as the conventional tailplane arrangement while adhering to
the trim axis constraint. This is illustrated in Fig. 18.

The key results of the multidisciplinary analysis on the design
mission of 3,400 nm, are presented in Table 12.

Most of the load on the tailplane is due to the lift acting on the
fuselage at pivot points that define the hinge line. The trimming
actuator provides an additional reaction to the pitching moment.
In the conventional arrangement, the pivot points are positioned
behind a significant structural cut-out. This cut-out is necessary
to enable the adjustment of the tailplane incidence angle, which
is used to trim the aircraft during various flight conditions. Sig-
nificant structural reinforcements are required to provide suffi-
cient strength to the rear fuselage in this area. Shear deformations
may have a non-negligible effect on the elastic efficiency of the
tailplane. In the FSHT layout, the aerodynamic load acts directly on
a closed section of the fuselage because the cut-out is located aft
of the pivot points, in a lightly-loaded section. The weight savings
resulting from different arrangements could be directly correlated
to the wet area of the rear fuselage, which has been assumed to
be constant.

Assuming identical cabin geometry from the aircraft’s centre
of gravity to the rear pressure bulkhead in both configurations,
the pressurized section of the fuselage will experience the same
bending moment distribution (excluding second-order effects of
dynamic loads). This should lead to an equivalent weight of the
fuselage’s pressurized section. The rationale for this assumption is
based on the fact that, given a specific trim condition provided by
the empennage, the pitching moment around the aircraft’s centre
of gravity is the crucial characteristic that must be achieved. At its
origin, this global pitching moment is produced by the lift gener-
ated by the tailplane. This lift can be assumed to act on the hinge
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CRUISE
MACH CLIMB TAS 450 kts
MACH 0.79
MACH 0.78 CEILING FL390 INITIAL DESCENT
ROC 1000 ft/min (to FL240)
RANGE 2700 NM
MACH 0.78

CLIMB (to FL240)
IAS 290 kts
ROC 1400 ft/min

CLIMB (to FL150)
IAS 290 kts \

ROC 2000 ft/min

ROD 1000 ft/min

DESCENT (to FL100)
/ IAS 290 kts

ROD 3500 ft/min
APPROACH

IAS 250 kts
ROD 1500 ft/min

INITIAL CLIMB
(to 5000 ft)

IAS 175 kts

ROC 2500 ft/min

TAKE-OFF ——LANDING
MTOW 73900 kg Vat (IAS) 137 kts
DISTANCE 2190 m DISTANCE 1440 m

Fig. 17. Graphical abstract of A320 neo like aircraft mission profile and performance.

Table 12
Impact of the tailplane area reduction at aircraft level.

FSHT is located in an equivalent
longitudinal position taking into
account for the trim axis

Conventional FSHT -2% Sy,

Wumto 73,900 kg 73,781 kg constraint
Total Fuel and Reserve 17,300 kg 17,207 g

Block Fuel 15,400 kg 15,378 kg

Horizontal tail mass 569.3 kg 555.10 kg

Wing mass 7,760 kg 7,757 kg

Fuselage mass 7120 kg 7,120 kg

Take-Off Field Length 2,190 m 2,200 m

Landing Field Length 1,440 m 1,440 m

line, whose location remains fixed. Therefore, it seems reasonable kﬂ [ ] .

to assume that the weight of the pressurized section of the fuse-
lage is not affected by the empennage design as long as it provides
the required moments. Additionally, the local effects around the
tailplane attachment are expected to be of relatively minor impor-
tance.

As can be seen from the results in Table 12, the implementa-
tion of this innovative tail arrangement has the potential to reduce
weight by approximately 0.2%. The latter results in a fuel saving of
only about —0.51% of the total fuel required for the design mission
of 3,400 nm, while the block fuel remains unchanged.

1
Trim axis

It must be remarked that the higher elastic efficiency of the Fig. 18. Longitudinal trim axis constraint for the location of FSHT.

forward-swept tail is only one of the innovative features of the

11
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Table 13
Impact of potential rear-end weight reduction.
HTP ky=0.90 kf=0.85 ky=0.80

Wurto 73,900 kg 73,263 kg 72,603 kg 71,944 kg
Total Fuel and Reserve 17,300 kg 17,165 kg 17,046 kg 16,927 kg
Block Fuel 15,400 kg 15,334 kg 15,228 kg 15,123 kg
Horizontal tail mass 569.3 kg 555.1 kg 555.1 kg 555.1 kg
Wing mass 7,760 kg 7,717 kg 7,671 kg 7,625 kg
Fuselage mass 7,120 kg 6,780 kg 6,403 kg 6,027 kg
Take-Off Field Length 2,190 m 2,157 m 2,114 m 2,072 m
Landing Field Length 1,440 m 1,421 m 1,413 m 1,406 m
Cruise Mach number 0.79 0.79 0.79 0.79
Static Stability Margin* ~ 5.00% ~ 5.00% =~ 5.00% ~ 5.00%

"@Xcg/Cmac = 0.37

proposed Advanced Rear End. The key aspect of the proposed con-
cept is the ability to eliminate the fuselage cut-out, which elim-
inates the need for local reinforcements to withstand the bend-
ing and torsional loads introduced by the horizontal and vertical
tail. Loads coming into the aircraft from the empennage are trans-
ferred through special highly loaded frames. Conventionally, these
are always manufactured in metal. However, in the Advanced Rear
End project, they are made using composite materials. The highly
loaded frames in the composite material are likely the most signifi-
cant technological component, aside from the radical configuration
itself, in the Advanced Rear End project. By combining these tech-
nologies with a new rear-end design configuration, weight savings
of up to 20% can be achieved compared to the rear end of a tradi-
tional single-aisle aircraft [47].

Within the framework of European project IMPACT [42], the
assessment of the fuselage and forward-swept tail aerostructure
design and optimisation in the Advanced Rear End concept is still
progressing through high fidelity tools for both the aerodynamics
and structural disciplines. To provide a preliminary estimate of the
impact at aircraft level coming from the expected weight savings,
a parametric investigation is here presented. The parametric in-
vestigation is accomplished by simply assuming a scaling factor to
be applied to the rear end. An array of fuselage rear-end weight
reduction factor ks of -10%, -15% and -20% has been assumed.
To combine the tail elastic efficiency behaviour with the potential
fuselage rear-end weight reduction, the reference horizontal em-
pennage will be the FSHT with a reduced planform area.

Results of this parametric investigation are summarized in Ta-
ble 13.

According to the results of the parametric investigation, if the
Advanced Rear End technology could reduce the weight of the rear
end components by 20%, it would result in a potential saving of
up to 3% of the maximum take-off weight. This translates to a fuel
saving of approximately 2% (based on a design range of 3,400 nm)
compared to a traditional single-aisle aircraft. This result is in line
with Clean Sky’s environmental objectives [47].

5. Conclusions

This paper evaluated the prediction of elastic efficiency in hor-
izontal tail planes using a reliable, low-fidelity, and lightweight
approach. The study also evaluated the potential advantages of
various elastic behaviours in an innovative rear-end design. The re-
search focuses on optimizing the aero structure of large passenger
aircraft, with a particular emphasis on an advanced rear-end de-
sign that incorporates a horizontal tail featuring a negative sweep-
back. The investigated concept aimed to decrease the size of the
tail and enhance the efficiency of the empennage, potentially lead-
ing to better aircraft performance through reduced fuel burn and
weight at the rear end. The main focus of this paper is to pre-
dict the efficiency of tail elasticity, which is defined as the ratio
between the lift curve slope of the elastic and rigid configurations.
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The aeroelastic analysis revealed that the innovative forward-
swept horizontal stabilizer has the potential for weight reduction
compared to the conventional configuration, providing advantages.
The weight savings derived from the forward-swept tailplane’s
ability to balance the aircraft throughout its flight envelope and
provide the same handling quality as a conventional tailplane, but
with a reduced planform area. These capabilities refer to the so-
called “linear” criteria used in the design of a horizontal tailplane.
The primary parameter used is the lift gradient of the tailplane. A
software tool has been developed to quantify the potential ben-
efits of elasticity for innovative design. This is accomplished by
defining a new efficiency index as the ratio between the lift gra-
dient of the rigid and elastic tailplanes, for both conventional and
forward-swept configurations. The results revealed that the con-
ventional configuration experienced a reduction of the lift gradient
by 5%, whereas for the innovative configuration, the lift gradient
remained practically the same as the rigid case.

A reduction of approximately 5% in the horizontal surface area
could be achieved by linearly applying the elasticity benefit of the
structure, if only the high-speed condition (cruise) is taken into
consideration during the empennage sizing process. However, it
is also essential to confirm the low-speed condition to guaran-
tee adequate control of the aircraft during the takeoff and land-
ing phases. In low-speed conditions, characterized by low dynamic
pressure, the low-fidelity methodology discussed in this paper in-
dicates that reducing the area of the horizontal tailplane would
result in a potential reduction of only 2%.

Once the assessment of the elastic efficiency factor is complete,
the potential benefits in terms of weight reduction and fuel sav-
ings can be evaluated at the aircraft level. This can be achieved
by utilizing a multidisciplinary tool to conduct a simulation-based
mission analysis.

The results of this investigation showed a potential weight re-
duction and, consequently, a fuel saving of less than 1%.

This highlights that elastic efficiency is not the only distinctive
feature of the proposed Advanced Rear End concept that can be
utilized to achieve significant reductions in structural mass and
fuel consumption.

The key features of the investigated ARE concept are related
to the ability to eliminate the fuselage cut-out and transition to
a fully composite rear end, which could potentially reduce struc-
tural mass by up to 20%. The estimated impact of reducing weight
on A320neo-like aircraft shows a potential fuel saving of approxi-
mately 2% on a design mission of 3,400 nautical miles.

However, from a broader perspective, the design of the hori-
zontal tailplane is not solely driven by structural considerations.
As part of the IMPACT project, the suggested rear-end configura-
tion is undergoing a thorough process of aerodynamic design and
optimization. The design of the tail is constrained not only by lin-
ear factors but also by non-linear factors, such as handling quality.
The maximum (negative) lift coefficient of the tailplane is a crit-
ical parameter in determining the quality of handling. From this
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perspective, the optimization of aerodynamics is driving the devel-
opment of unique aerodynamic features in the forward-swept tail,
resulting in a reduction of the tailplane area. This is achieved by
utilizing passive leading edge extension devices. The latter should
lead to further reductions in the size of the horizontal tail or a
shorter rear-end while maintaining the same level of stability, con-
trol, and handling quality of the aircraft.
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Appendix A. Insight of an enhanced Vortex Lattice Method

The approach used to achieve a fast and reliable prediction of
the aerodynamic loads and lift curve of the tailplane is an im-
proved Vortex Lattice Method (VLM), developed by the research
group of the authors [39]. The core methodology is the same as
classical vortex methods, such as the one developed by the NASA
research centre and published in [48]. Generally speaking, classical

Aerospace Science and Technology 140 (2023) 108461

vortex methods have some main issues. One issue is their relia-
bility only in the linear range of the lift curve. Additionally, these
methods neglect the real airfoil lift coefficient slope and assume a
slope equal to 27 (rad™1) based on the Glauert theory. The VLM
approach used in this work is based on Blackwell’s method [48],
but the aerodynamic load distribution is typically obtained us-
ing either experimental data or high-fidelity airfoil curves. This
approach allows for the extension of aerodynamic results to non-
linear lift regions, including the stall.

The method is divided into two main phases. In the first stage, a
classic Vortex Lattice Method (VLM) is used to calculate the span-
wise lift and induced angle distributions of the wing for a specific
angle of attack, denoted by «.

A second stage extends the validity of the VLM approach to the
non-linear range of the lift curve by accessing an external database
of 2D airfoil aerodynamic curves. To account for the 3D effects, the
2D airfoil data needs to be adjusted. The key aspect to be consid-
ered in this respect is the sweep. The sweep produces a boundary
layer flow that runs spanwise. Backward sweep promotes stall from
the tip, while forward sweep promotes stall from the root. This has
been demonstrated in studies conducted by NACA, as reported in
the technical note TN-2445 [49].

The 2.5D aerodynamic characteristics of the wing section (per-
pendicular to the sweep line) are estimated using a basic sweep
theory [50] suggests considering the wing section normal to the
sweep line, as recommended by Mariens et al. [51]. According to
Obert [19], the velocity component perpendicular to the quarter-
chord line can be utilized for subsonic wing analysis in practical
applications. Because pressure drag acts perpendicular to the iso-
bars [52] (or shock wave line). In case of a transonic wing analysis,
the sweep line is considered at the half-chord to position it in
close proximity to the shock wave line. This is done to ensure
accurate analysis. Additionally, the citation for this information is
[52]. [53].

The workflow for estimating the lift coefficient distribution us-
ing the enhanced VLM approach is illustrated in Fig. A.19 and it is
repeated for each angle of attack. The calculation procedure can be
summarized as follows:

1. For each angle of attack, the inviscid lift distribution is calcu-
lated through the chosen vortex-lattice approach, by calculat-
ing the local C; at n points along the semispan (typically 50);

2. For all sections, by knowing the local Cj, it is possible to enter
the 2D linear lift coefficient chart to obtain the local angle of
attack of the airfoil;

(Oleff)j = (aW + Ej) + (Olinduced)j (A1)

3. Using this angle of attack, it is possible to query the airfoil
aerodynamic dataset obtaining a new local C;, which takes into
account both viscous and three-dimensional effects;

4. In this way, a new lift distribution along the semi span, which
considers the two-dimensional non-linearity, is obtained;

5. This new lift coefficient distribution produces a new dis-
tribution of the induced angle of attack, estimated through
Prandtl’s theory [54].

6. By knowing the new induced angle of attack distribution it is
possible to calculate the new angle of attack and lift coefficient
distribution.

An iterative process is required from step 2 to step 6. Once con-
vergence is achieved, the lifting surface’s C; can be obtained by
integrating the final lift distribution.
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Fig. A.19. Flow chart of lift coefficient distribution through the improved VLM approach.

Appendix B. Insight into structural sizing methodology and
deformation analysis

In this section, an overview of the semi-analytical approach
used to perform tail structural sizing and deformation analysis is
presented.

The functionalities of the tailplane, discussed in section 1, are
generated by an aerodynamic force acting on a lever arm, which
creates a balancing pitching moment to counteract the pitching
moment produced by the combination of the wing and fuselage.
The tailplane must ensure longitudinal stability in all operating
conditions of an aircraft. To determine the critical loading condi-
tion on the tail that drives the structural sizing, the starting point
is to construct the classical V-n diagram for the aircraft in ques-
tion.

According to the aircraft category examined in this paper, the
FAR25 regulation [40] can be utilized to establish the flight enve-
lope. An illustration of this diagram is presented in Fig. B.20.

The flight envelope is a diagram useful to define the limit loads
for aircraft structures meaning that an aircraft must not fly in a
condition laying outside the flight envelope during its operative
life. Therefore, the most extreme flight condition is obtained be-
tween these limitations. Details and discussions about building up
the flight envelope are provided by Calcara and Megson [43,55]. By
solving the longitudinal equilibrium equation, it is possible to es-
timate the necessary aerodynamic load on the tail to balance the
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aircraft for each flight condition on the V-n diagram. To estimate
the most critical loading condition for the tail must be searched
among all the steady flight levels and complementary (meaning
that the pitching acceleration is not zero) conditions as illustrated
by Calcara [43].

The calculation of the flight envelope, in turn, requires some
global aircraft data, such as the following:

CLe - maximum lift coefficient

Wmro: maximum take-off weight

Sw: wing surface

po: density of air at sea level

ng: limit load factor

max forward and backward centre of gravity positions

The critical sizing condition for the tailplane is then trans-
lated into a spanwise load distribution, which is used to conduct
structural sizing and deformation analysis. Among several meth-
ods available to accomplish this task, the Schrenk method [56] has
been utilized. To take into account the sweep effect on load distri-
bution Schrenk method has been enhanced by the Pope and Haney
correction [57].

The spanwise load can be converted into stress characteristics,
which can then be used to size primary structures assuming a can-
tilever beam.
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Fig. B.20. Example of a V-n diagram (left) for an A320-like aircraft according to FAR25 [40] and balancing loads on the horizontal tailplane (right).

Generally speaking, the horizontal tail is a 3-D lifting surface
that, according to classical aerodynamic theories, can be assumed
to be a rigid body whose shape only introduces velocity perturba-
tions in the flow passing over its external surface. A lifting surface
is not only a rigid structure but also an elastic body that experi-
ences structural deformation due to the applied load. The elastic
behaviour of a lifting surface is typically analyzed using de Saint
Venant's (DSV) elementary beam theory [58,59].

According to the DSV theory, the structural sizing of a tailplane
modelled as a cantilever beam is affected by:

Ny: normal stress acting along the beam axis

Sy, S;: shear stresses acting along transverse axes

M;: torsion moment acting about the beam axis

My, Mp,: bending moment acting about transverse axes

The low-fidelity model proposed in this work will only con-
sider the S;, M, around the longitudinal axis, and M; as they
are the primary stresses affecting the lifting surface deformation.
The elastic axis, which represents the locus of the cross-section
shear centres, is assumed to be a straight line. This assumption
implies that both geometrical and inertial properties are regularly
distributed along the span.

Loads acting on the tail structure are due to both aerodynamics
and mass distribution. The low-fidelity approach presented here
considers the following loads:

e Lift distribution [;(y): the distribution of force per unit length
acting along the vertical axis. The distribution of force depends
on the distribution of the span chord, the required lift coeffi-
cient, and the dynamic pressure ratio at the sizing conditions.
This force distribution is intended to be applied at 25% of the
local chord.

1
la(y) = 5 p Vic(y)C,(y) (B.1)

e Aerodynamic pitching torque, denoted as tg(y), refers to the
distribution of torque per unit length about the lateral axis.
The dynamic pressure, the square values of the chord distribu-
tion along the span (c(y)?), and the pitching moment coeffi-
cient about the aerodynamic centre (Cp, ) are all factors that
affect the outcome. This moment is supposed to be applied at
the sectional quarter point, as well as for the lift force.

1
ta(y) = 5 p VZ () Cmge (B.2)

o Weight force w(y) is the distribution of force per unit length
displaced along the vertical axis. This depends on the span-
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Fig. B.21. Reference coordinate systems for a swept lifting surface.

wise mass distribution, denoted as m(y), the acceleration due
to gravity, denoted as g, and the limit load factor, denoted as
nz:

wq(y) =n,m(y) g (B.3)

It is worth highlighting that a triangular distribution is assumed
as the initial estimate for the tail mass distribution along the span,
based on informed judgement. This distribution is obtained by as-
suming a statistic value for the total tail mass Wyr,:
nz WHTO (.1 _ 2_}’)

b b

Since the analysis focuses on static aeroelastic phenomena, it
should be noted that vibratory inertial forces are not considered in
the equilibrium equations.

A crucial aspect that needs to be appropriately addressed when
evaluating the deformation of a swept lifting surface is the cou-
pling between bending and torsion stresses. In a swept wing, the
lateral axis is not aligned with the elastic axis. This requires the
introduction of a new axis system by rotating both the x and y
axes around the vertical axis by an angle equal to the sweep an-
gle of the elastic axis (Aga). In this new reference system, denoted
by xy, the lateral axis aligns with the elastic axis, as illustrated in
Fig. B.21.

In this new reference frame, the distribution of shear, bending
moment, and torsional moment along y can be estimated using
Eq. (B.5), (B.6), and (B.7), respectively. Here, s represents the curvi-
linear abscissa in the new reference frame.

wy(y) = —2 (B.4)

(NS

S(Q) = / [La(8) + wq(3)]ds
y
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Mp(y) = [ SG)ds (B.6)

M, (y) = | ta(s)ds (B.7)

S — e S —e

My and M; are both functions of y, but from a physical perspec-
tive, they are still referred to as moments about the x and y axes,
respectively. Therefore, a rotation matrix is required to convert
these quantities in moments M, and I\/Tta about x and y axes. The
latter clearly shows that torsion and bending moments are tightly
coupled in the case of a swept lifting surface [60], as demonstrated
by Eq. (B.8) and Eq. (B.9).

Mp(¥) = Mp(y) cos Apa — M, (y) sin Aga
M, (¥) = Mp(y) sin Aga + M, (¥) cos Aga

(B.8)
(B.9)

Similar consideration must be done also for the estimate of the
level arms of lift and weight forces to take into account for the
sweep angle as shown by Eq. (B.10) and Eq. (B.11).

(B.10)
(B11)

e1(¥) = [Xec(y) — Xac(¥)] cos Aga
ew(y) = [Xec(¥) — Xw(¥)] cos Aga

Thus, contributions of lift and weight to torsion can be deter-
mined using Eq. (B.12) and Eq. (B.13).

(NS

Wy (y) = f 14G) &) d5 (B12)
y

M, (y) = | wa()ew()ds (B.13)

= \amlm

Finally, the torsional moment is the sum of all contributions as
shown by Eq. (B.14).

M¢(¥) = My, (§) + My (¥) + Mg, (9)

Once the structural loads have been characterized, the sizing of
the tailplane structural element can be performed.

The tailplane is modelled as a combination of primary and sec-
ondary structures. The mass of the primary structure is calculated
using basic structural analysis that relies on stress and deforma-
tion measurements. The amount of mass required is only enough
to withstand critical loads and/or deformation. Moreover, the com-
putation of the primary structure mass takes into account bending
moment relief, material properties, and weight penalties. However,
the mass of the secondary structure is estimated statistically, as
described in [41]. The tailplane weight model assumes a prelim-
inary division between primary and secondary weight contribu-
tions. The primary structure is generally composed of upper and
lower stiffened skin panels, spars, ribs, and what is known as the
“Non-Optimum Weight,” which takes into account weight penalties
such as joints, attachments, and cut-outs. The primary structure
sustains the main loads applying on the wing. The weight contri-
bution of the previous structure is computed analytically, to the
extent possible, based on optimal sizing. The weight contribution
of the latter is estimated empirically. The secondary structure is
composed of fixed leading and trailing edges, control surfaces, and
high-lift devices. The weight of these components is estimated

(B.14)
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using statistical methods that depend on their geometry. As de-
scribed above, the problem of tail mass can be expressed as the
sum of primary and secondary structure masses.

The primary structure consists of several components. When
the lifting surface is under stress, all of its components bear the
loads, but some of them are designed to perform specific tasks. A
simplified solution for this problem assumes that the wing box is
a statically determined equivalent system, where each component
bears a specific type of load:

e The caps of the spars are sized to withstand the bending mo-
ment (Mp)

e The web of the front and back spars sustains the vertical shear
forces (S)

e The covering skin of the wing bears the torsion moment (M;)

o The ribs support the tail panels against buckling and serve for
maintaining the external shape.

Complex structural phenomena, such as the effects of combined
loads and dynamic forces, are neglected. Distortion of the cross-
section is not considered; flat sections will remain flat after the
application of a load.

B.1. Spar caps

Spar is made of web and cap. The two spars may have differ-
ent heights, in the sizing method, a unique average height hy,, see
Eq. (B.15) is assumed and it is obtained by a weighted average
through a coefficient o, being the contribution of one spar to the
overall absorption.

hm = hic(y)ap + hac(y) (1 — ap) (B.15)

The value of o) can be determined empirically or assessed
through the optimization method presented in Section B.6.

The spar cap must absorb the stress (o) induced by the increase
in bending moment (Mj), which is multiplied by the assumed
safety margin (Sp). The overall spar cap area, denoted as Acgp,
must be able to withstand a uniform distribution of stress, repre-
sented by oy. The resulting sigma distribution is a force that, when
multiplied by the lever arm hy,, produces the bending moment Mj.
Therefore, the area of the unknown spar caps can be determined
using Eq. (B.16).

Sm Mp(y)

B.16
Gyhm(Y) ( )

Acap(y) =

The estimated value of Acgp may result in impractical thickness
values. Indeed, a technological limit tj,;, is fixed for the ultimate
admissible. This means that if the thickness is found to be lower
than tj,, it will be replaced with the minimum allowable value.

By knowing the distribution of the area of the spar caps and
the material properties, such as the material density (Omq), it is
possible to estimate the mass of the cap using Eq. (B.17), where
g represents the gravitational acceleration. Useful parameters for
estimating the distribution of the wing box moment of inertia
include the cap thickness, see Eq. (B.18) and the cap span, see
Eq. (B.19).

Weap (V) = & Acap (V) Pmat (B.17)
VAcq

teap(y) = # (B.18)

beap (¥) = 4teap(y) (B.19)



S. Corcione, V. Cusati, V. Memmolo et al.

B.2. Spar webs

At the conceptual-preliminary design stage, the spar webs are
designed to withstand only the vertical shear stresses caused by
the aerodynamic and inertial loads. According to the maximum ad-
missible stress approach, the stress on the webs should be lower
than both the static (maximum load factor) and fatigue (with
n; = 1) rupture stress. Specifically, the spar webs are sized using
the method of von Mises considering only the shear stress.

The spar web is assumed to be a rectangle with a height equal
to hy, and an unknown area A,ep. As in the spar web case, Ayep
can be found as that area showing a uniform 7, magnified by the
safety margin, in absorbing the assigned shear load S.

SmS(y)
Ty

Awep(¥) = (B.20)

By knowing the spar web area also its mass can be estimated
by means of Eq. (B.21).

Wyeb(¥) = & Aweb(¥) Pmat (B.21)

B.3. Wing box skin

The box’s skin must withstand the torque induced by torsion.
The wing-box can be modelled as a closed, thin section that reacts
to torsion according to Bredt’s theory. The area of the box can be
calculated using Eq. (B.22) by assuming the chord extension of the
wing box is Cpoy-

Apox = Chox () [M1(¥) + ha(¥)] (B.22)

Through the box area, the thickness distribution can be estimated
through the first Bredt's theorem that links the thickness and tor-
sion solicitation em as shown in Eq. (B.23).

1 M)
2 Ty Apox ()

In this case, a technological limit has been imposed on the
minimum allowable value for skin thickness. Once the skin thick-
ness is known, the area of the panel skin can be estimated using
Eq. (B.24). This, in turn, allows for an estimate of the skin mass
using Eq. (B.25).

(B.23)

tskin =

Askin = 2 Cpox C(¥) tskin (V) (B.24)

Wikin(¥) = & Askin(¥) Pmat (B.25)

To estimate the deformation of the wing box, in addition to
material properties, the moment of inertia I is required. The lat-
ter depends on the size of the box elements and is given by the
sum of the moment of inertia of both the spar and skin, as shown
Eq. (B.26) and Eq. (B.27).

beq hm(y)*
Ispar (¥) = —p(Yiz )
Awep () 3 (B.26)
B beap (y) — Z[W] [hm(¥) — 2tcap(¥)]
12
_ Chox C (¥ Chox €Y [hm(¥) — 2tk (¥)]
Iskin(y) = 12 - 12
(B.27)
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B.4. Ribs

The calculation of the mass of the ribs also requires detailed
information on the design of the lifting surface. Therefore, a ratio-
nal approach cannot be used to determine the mass contribution
of the ribs. The model assumes that all ribs have the same thick-
ness, which is the minimum required to avoid instability. However,
the geometrical pitch varies slightly along the wingspan, and the
ribs are only mounted in the working chamber.

The wings are m as panels with an area equal to that of the
box, and their thickness and spacing are specified as input data for
the wing box layout. Spacing refers to the total number of ribs,
denoted as Ny, along the span. Thus, the rib volume V,;,, can be
obtained through the Eq. (B.28). The rib mass can be obtained by
multiplying the rib volume by the density of the material assumed
for the rib, as shown in Eq. (B.28) and (B.29).

(B.28)
(B.29)

Vrib,- = Aboxi trib

M;ip; = Apox; tribs Prib
B.5. Non-optimum weight

The primary structural elements of the wing box have been
fully characterized and will be sized based on critical loads, a
safety margin, and the full spectrum of lifting surface operating
conditions. However, the actual structure of a lifting surface is not
solely composed of primary structural elements.

To determine the weight distribution along the span, there
are certain missing elements that are categorized as “non-optimal
components” weight in this paper:

Mountings and connections.

Aeroelastic corrections.

Penalties due to the loads and stiffness requirements.
Thickness variations, joints and large cut-out.

Estimating the mass correction in an analytical manner is not
a trivial task. A practical solution to this problem is to consider a
certain percentage of the total mass. However, this method should
be used with caution since the result may not be consistent with
the actual value. Thus, it was decided that the best empirical
procedure for estimating the non-optimal weight is Torenbeek’s
method [41].

B.6. Deformation check

A final design verification is conducted to evaluate the accuracy
of the established model. All of the individual components that
make up the primary structure are sized according to a specific
structural design that is optimized to achieve the lowest possible
weight.

In particular, decoupling the load among the spars is the most
critical aspect in achieving the optimal balance between stiffness
and weight. In detail, the airfoil section can be idealized as a sim-
ply supported beam with supports located at the positions of the
spars.

Such an equivalent and statically determined system allows to
estimate the reaction forces at the front and rear supports (Rr and
RR) according to the specific section load.

To achieve an optimized structure, the front and rear spars
should withstand a load ratio that is expressed by Eq. (B.30) and
Eq. (B.31).

RFL

L= ————
F (RF+RR)

(B.30)
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RrL

R B.31
(RF + RRr) ( )

Lgp =

Where L represents the total load applied to the chord section, Lf
denotes the load supported by the front spar, and Lg represents
the load borne by the rear spar. At the conceptual-preliminary de-
sign level, this approach is well-suited for defining a more efficient
and simplified structural layout.

According to that configuration, the bending and torsional stiff-
ness are computed for every section of the wing. In particular, the
torsional stiffness can be divided into two components, primarily
related to pure torsion stiffness (as per Bredt’s theory) and torsion
bending stiffness (as per non-linear theory based on root boundary
conditions), as shown in Eq. (B.32).

J=Jct+ b (B.32)

Finally, these stiffness properties are utilized to discretize a beam-
like model, where the stiffness of the shoes is equivalent to that
of the wing-box. The rotation and deformation of each section are
then checked to account for wing flexibility and to assess whether
it exceeds critical values.

B.7. Wing box deformation

The lifting surface has been modelled as a wing box that must
withstand only S, My, and M;. Moreover, the distribution of shear
strain is neglected because its effects are considered to be of sec-
ond order.

By knowing the distributions of bending and torsion stiffness, it
is possible to calculate the two main types of deformation:

e v: displacements along Z axis
e O: rotations around beam axis

Those two cinematic variables are the key structural deformations
in this study because they represent the displacements provided
by the most severe loads acting on the tail.

These variables are calculated for points laying on the beam
axis representing, in this perspective, the lifting surface itself. Thus,
a simplifying assumption is made that the cross-section shape does
not cause any distortion of the camber line. This means that the
section airfoil aerodynamics does not change because of the lifting
surface deformation: the effect is on the three-dimensional surface.

The elastic deformation about the beam axis interpreted by tor-
sion is responsible for the distortions of the aerodynamic loads
distribution (i.e. torsion modifies the local geometric twist along
the span affecting local angles of attack).

The resulting J is employed to obtain 6 as a function of the
beam axis coordinate, that is y for a straight wing in the way
the reference system has been fixed. The relation between the first
derivative of the torsion angle arises from the equilibrium of the
beam element under the action of M, as shown in Eq. (B.33).
Whereas the bending moment introduces vertical displacements
given by the Euler-Bernoulli relation shown in Eq. (B.34), I(y) =

Ispar(yy + Iskin(¥)-

30 M) (833)
dy GJ() '
¥z Mp(y) (B.34)
ay2  EI(y) '

Sweep introduces a strong connection between bending and tor-
sion. This coupling also reflects its impact on the point of view of
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cinematic variables. Thus, there is a need to consider the various
angles in both the streamwise and chordwise directions. Because of
the rotation of the beam axis with respect to y axis, in the case of
a swept lifting surface, the relation is the one shown by Eq. (B.35).

90 M)
ay GJ
In the case of a swept lifting surface, rotations occur about the y
axis. However, an additional angle must be added to the flow inci-
dence angle to evaluate the aerodynamic load distortion caused by
elastic deformations. It is important to note that the incidence an-

gle is measured with respect to the y axis. Thus, twist angles must
be converted into the initial reference system using Eq. (B.36).

(B.35)

~ ad
6(y) = 6(y) cos Agc — £ sin Agc (B.36)

B.8. Secondary structure

The secondary structure is composed of fixed leading and trail-
ing edges, control surfaces, and high-lift devices. The weight of
these components is estimated using statistical methods that de-
pend on their geometry. The aim here is to estimate the mass of
the secondary structure in order to complete the computation of
the lifting surface mass.

The secondary mass typically contributes approximately 30% of
the total wing mass and has a significant impact on inertial relief.

Due to the complexity of the various components, a statistical
approach seems useful in estimating the contribution of secondary
mass.

Two main methods are being considered. The first approach,
based on Roux’s assumptions, seems to be plausible [61]. It has
been suggested that the mass of the secondary structure is pro-
portional to the power of the lifting surface reference area of the
wing. This approach appears to be reliable because it allows for
remarkable precision in relation to the set of surface mass data.
Following this approach, we have Eq. (B.37).

Mjsecondary = 0.488 K s?ef (B.37)

Where:

e K=259andn
e K=439and n

1.097 if Wyto > 10000 N.
1.358 if Wpro < 10000 N.

The problem with this approach is that it neglects to consider the
configuration of secondary structural components. Such a mislead-
ing assumption can lead to an inaccurate result if that configura-
tion is already known. That is the reason why Torenbeek’s work is
significant. According to Torenbeek’s semi-empirical equations, the
estimation of the secondary mass contribution can be accurately
determined if all necessary details are provided [41]. The approach
enables us to obtain a formal solution for each category, includ-
ing high-lift devices, control surfaces, and others. This is achieved
by utilizing statistical data and functional parameters, such as the
type of flaps, various device surfaces, and the maximum takeoff
weight (Wyro). For these reasons, it was decided to implement
Torenbeek’s method when the required design data is available and
to use a purely statistical approach when no data is available.
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