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ABSTRACT

This paper deals with the fundamental results of the first loop of design and aerodynamic analysis of a
new regional turboprop concept.

The aircraft has a low wing and two innovative architecture of turboprop engine installed at the
horizontal tail tips. It can seat up to 130 passengers with a design range of about 3000km. It is designed
to fly at Mach number of about 0.62 at a cruise altitude of 9000m with an efficiency about 18. The
required maximum lift coefficients in clean, take-off and landing conditions are 1.6, 2.4 and 3.0
respectively.

Wing sections have been specifically designed to comply with the very challenging requirements in
terms of minimum drag (natural laminar flow), maximum clean lift coefficients and compressibility
effects. The high lift devices have been designed too. A single fowler flap layout has been considered.
To augment the aircraft maximum lift capabilities in landing condition, preserving the wing laminar
flow, the effects of a simple droop nose have been investigated. To improve climb performance a
specific winglet design has been assessed, results show that a reduction of about 10% of the induced
drag during both climb and cruise phase could be achieved.

All the criticalities emerged during the first loop will feed a second design loop to well asses this
innovative concept.
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NOMENCLATURE

ADAS - Aircraft Design and Analysis Software FL - Flight Level

CFD - Computational Fluid Dynamic FusDes - Fuselage Design Methods

CIRA - Italian Aerospace Research Center IRON - Innovative turbopROp configuration
DAF - Design of Aircraft and Flight Technologies ISA - International Standard Atmosphere
research group JPAD - Java-Based Framework for Aircraft
DATCOM - USAF Stability and Control (Data Preliminary Design and Optimization
Compendium) MLW - Aircraft Maximum Landing Weight
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MTOW - Aircraft Maximum Take Off Weight
MZF - Aircraft Zero Fuel Weight

NACA - National Advisory Committee for
Aeronautics

OEW - Aircraft Operative Empty Weight

RANS - Raynolds Average Navier Stokes

SFC - Specific Fuel Consumption

TLAR - Top Level Aircraft Requirements

TRL - Technology Readiness Level

UNINA - University of Naples

bw - Wing span

C - wing section chord

Cq - Airfoil drag coefficient

Co - Aircraft drag coefficient

Coo - Aircraft parasite drag coefficient

Cow - Isolated wing drag coefficient

CL - Aircraft lift coefficient

C - airfoil lift coefficient

Cleq - Aircraft lift coefficient in trimmed
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Cm - Airfoil pitching moment coefficient
Cr - Wing root chord

Ct - Wing tip chord

E - Aircraft aerodynamic efficiency

eps - local wing section twist angle

ew - Wing induced drag factor

M - Mach number

Re - Reynolds Number

Sw - Wing area
t/c - local wing section non-dimensional
thickness

Xeg - Centre of gravity longitudinal position

Xie - local wing section leading edge longitudinal
position

a* - local wing section angle of attack at the
end of lift curve linear segment

az - local wing section zero lift angle of attack
n - non-dimensional wing span

A - Wing taper ratio

condition Ng4 - Wing sweep angle at the quarter chord
Cimax - Aircraft maximum lift coefficient line

Cimax - airfoil maximum lift coefficient

CLw - Isolated wing lift coefficient

1 INTRODUCTION

The Innovative turbopROp configuratioN (IRON) project complies with the European Union topic JTI-
CS2-2015-CPW02-REG-01-03 (Green and cost efficient Conceptual Aircraft Design including Innovative
Turbo-Propeller Power-plant) as part of the Clean Sky 2 program for Horizon 2020.

The topic leader is Leonardo and several core-partners are involved into the project. CIRA (Italian
Aerospace Research Center) is coordinator of IRON project.

The project is focused on the feasibility study of an innovative turboprop regional configuration. The
research, addressed to the analysis and design of this innovative regional aircraft will be developed
through 3 different loops with increasing level of complexity and fidelity. The project aims to complete
the design through numerical simulations and experimental validations will be performed so that at the
end of the project a Technology Readiness Level (TRL) 4 will be reached.

The loop 1 analysis started in July 2016 from a baseline configuration provided by Leonardo Company.
It is an innovative layout with low wing and engines mounted on the horizontal tail tips. Top Level
Aircraft Requirements (TLAR) have been issued by Leonardo Company, which also provided the aircraft
maximum takeoff weight and wing area. TLAR are very challenging, requiring a cruise speed of 0.62
Mach number at 9144m (30000 feet), with a moderately high lift coefficient and low drag coefficient to
achieve a value of 18 in cruise aerodynamic efficiency, a maximum lift coefficient of 1.6 in clean
conditions and 3.0 in landing conditions. Moreover, it is expected that the wing inner airfoils have an
18% relative thickness to allow landing gear to be stored within. Most of the design and analysis tools
used in this phase are semi-empirical methods and panel codes, with the possibility to perform few CFD
RANS analyses to check the obtained results.

In this paper, a summary of the most significant results obtained during the loop 1 of design is
presented. The second section of this paper deals with a brief description of the aircraft layout and
TLAR requirements provided by Leonardo Company. The third section is focused on the design and the
aerodynamic analysis of the wing sections, highlighting all the efforts encountered during the airfoil
design phase to comply with the challenging tasks deriving from the TLAR. The fourth section complies
with the two-dimensional design of the high lift system and the prediction of the three-dimensional high
lift capabilities of the wing. The fifth section illustrates the method used to build up per aircraft
components the complete aircraft drag polar in several conditions. These drag polar have been used to
perform both stability and control analysis and performance evaluations. Finally, in section 6 some
conclusions are drawn highlighting all the criticalities emerged from the loop 1 activities about this
innovative aircraft configuration that will feed the input for the loop 2 of design process.
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2 IRON REFERENCE AIRCRAFT AND REQUIREMENTS

The reference aircraft, design requirements and Top-Level Aircraft Requirements (TLAR) were provided
by Leonardo Company at the beginning of the loop 1. In section 2.1 mission specification and
aerodynamic requirements are summarized, and in section 2.2 the baseline geometric layout and its
most significant characteristics are illustrated.

2.1 Mission specification and requirements

Design requirements issued by Leonardo on 15 November 2016 are summarized in Table 3, the
aerodynamic target and the aircraft baseline assumptions are summarized in Table 2, while some main
external geometric characteristics are summarized in Table 1. A sketch of the aircraft layout is presented
in Fig. 1.

Table 1: Aircraft baseline input geometric data

Fuselage Height/width 3.55m
Length 38.04 m
Planform area 100-110 m?
Wing Aspect ratio 12
Leading edge sweep angle | 5°-10°

Table 2: Aerodynamic requirements and preliminary weight
calculation

Aerodynamic targets
Cruise efficiency | 18
CLmax Ianding 3.0
Cimax T.O. and approach | 2.4
CLmax Cclean | 1.6
Aircraft baseline assumptions
OEW | 33550 Kg
MTOW | 53610 Kg
MZFW | 49345 Kg
MLW = 97% MTOW | 52000 Kg
Payload | 13585 Kg
Fuel (Design range) | 6475 Kg
Max Str. Payload | 15795 Kg
Climb phase | 190 KCAS

Figure 1: Innovative turboprop aircraft baseline
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Table 3: Top Level Aircraft Requirements provided by Leonardo Company

1 Passenger capacity | 130 pax at 32" seat pitch
Max payload @ 1600 nm (104.5 Kg x pax);
2 | Range with Standard | 5574105 1500 1
b) 100 nm alternate
c) 5% of trip fuel
3 Cruise Speed | @ F300 - ISA - 97% MTOW Mcr = 0.62
Time to climb | @ MTOW - ISA - from 1500 ft to FL250 <= 13’
5 Weight Definition
A Pax + Baggage 103 Kg @ pax
B Catering 1.5 Kg @ pax
C OEW 33580 kg
6 Field Performance
A | Take off field length | ISA - SL -MTOW BFL < 4600 ft (1400m)
B | Take off from Denver ?CS.?:& %’?flt\lvmgiﬁ;ig); TOW for 400 NM:
C | Landing field length f?(IféA()gl;n-)MLW - Dry runways: LFL < 4260
D | Steep Approach Descent approach = 5.5 deg.
7 CEILING
A| OEL(OneEng.1n) | g Lot sEs0 e (0o m)

3 AIRFOIL DESIGN AND WING ANALYSIS

To comply with the aerodynamic requirements of the IRON project, a specific airfoil has been designed.
The design of the airfoil moved around three main points (see Fig. 2).

AIRFOIL DESIGN

ift
M = 0,268 C

e TO = 2.4
LN = 3.0

no

- = 16
hoe = 16500Mt 1SA+10°

Cruise Efficiency ¢
Euwe ~ 18

Mo Trailing Edge separation
in off design conditions

at cruise attitude

Take-Off Co

TO Field Length

One Engine Out Ceiling Landing Ci-..

Landing Field Length

TO Field Length
Landing Field Length

Figure 2: Scheme of the airfoil targets for its design
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To match the required cruise efficiency a laminar airfoil (wing) was required, avoiding any drag increase
deriving from strong shock waves (Target A of Fig. 2). To reach the prescribed maximum lift
coefficients, the airfoil must have a good enough maximum clean lift coefficient (Target B of Fig. 2).
Finally, to avoid a large decay of the aerodynamic performance, the off-design conditions must be
checked (Target C of Fig. 2). Moreover, Leonardo’s requirements provide for a fixed thickness
distribution along the wing span: the root and kink sections must have a thickness of 18% of the local
chord while the tip section must have a thickness of 14% of the local chord.

To perform the airfoil design, a preliminary wing analysis was required to better understand the most
significant aerodynamic conditions at which the airfoil should work. To accomplish this a reference set
of airfoil has been assumed. According to the Target A of Fig. 2, a laminar airfoil is needed, thus as
good starting points the NACA 66(3)-418 airfoil has been chosen for both root and kink section (having
the same percentage thickness), while for the tip airfoil a NACA 63-415, scaled to 14% of thickness,
has been considered. These airfoils have been investigated by means of MSES software [1]. The main
data to accomplish a preliminary wing analysis are illustrated in Table 4.

The approach used to assess the preliminary wing analysis in terms of lift 3-D lift curve and wing span
loading is described in [3]. The wing span loading calculation has been coupled with a classical stall
path approach in order to derive the maximum clean lift coefficient of the wing under investigation.
Results of the preliminary wing analysis are shown in Fig. 3, where the wing span loading distribution
at a wing lift coefficient of 0.6 is illustrated. The summary of this results is shown in Table 5. This
preliminary 3-D analysis allowed to define the aerodynamic conditions for the airfoil design. According
to results of Table 5, the wing section should have a minimum drag in the range of lift coefficient of
about 0.5 and 0.7 for both root and kink sections, while for the tip the minimum drag should be placed
in the range of C of about 0.2 and 0.4.

Table 4: main aerodynamic and geometric characteristics of reference
set of airfoil and relative aerodynamic conditions
CRUISE STALL
Re M Re M
Root |0.00 0.00 4.48(19.09| 0.00 -3.21 |0.18| 12 |1.83*25.8¢%| 0.620 | 17.6e°|0.288
Kink 5.32 0.30 3.47|20.00| 0.00 -3.14 |0.18| 12 |1.81*20.0e°| 0.620 | 13.6e°|0.288

Tip 17.75 1.00 1.65(22.22| -2.00 -2.99 |0.14| 12 |1.74* 9.5€® |0.620 | 6.5e® |0.288

*Estimated with MSES, available experimental data about these airfoil are lower than
the numerical estimations [2].

Section|Y(m) H C(m)|Xie(m)|eps(deg.)|az(deg.)| t/c |a*(deg.)| Cimax

0.8
0.7 —
0.6 " ———
0.5 \\
0-4 1 “ Root ‘ | Kink ‘ \
0.3 -
0.2 Tie
0.1
o 2y/b
0 0.2 0.4 0.6 0.8 1

Figure 3: Preliminary 3-D wing span loading at cruise condition (NACA airfoil)

Table 5: Wing sections lift coefficients required to reach a wing C. = 0.60

Required airfoil lift coefficient for the cruise (wing twist -2°)
Section |Y(m) n C(m) | Xie(m) | eps(deg.) | t/c | Ci cruise
Root 0.00 0.00 4.48 | 19.09 0.00 0.18 0.60
Kink 5.325 0.30 3.47 | 20.00 0.00 0.18 0.68
Tip 17.75 1.00 1.65 | 22.22 -2.00 0.14 0.25
CEAS 2017 paper no. 893 Page |5
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The design of the airfoil has been accomplished by means of the inverse design routine of MSES
software, by modifying the pressure coefficient distribution on the airfoil until the desired aerodynamic
characteristics have been reached. The inverse design started from the NACA 66(3)-418 reference
airfoil and was focused on the kink airfoil because this is the most significant wing section. The designed
airfoil for the kink section is illustrated in Fig. 4, where there is also shown the comparison with the
reference NACA airfoil. The main tool used to investigate the aerodynamic characteristics of this airfoil
is MSES. Fig. 5 shows the kink airfoil drag polar in cruise condition in both design and off-design (loss
of laminar flow, fully turbulent conditions). The minimum drag is spread over a wide range of lift
coefficient, the airfoil shows a minimum drag coefficient of about 40 drag counts at the cruise lift
coefficient (about 0.6-0.7). This characteristic allows the tip airfoil design can be derived by simply
scaling the kink section thickness. Fig. 6 shows the lift curve of the kink airfoil in stall condition. The
high lift characteristics have been also assessed by means of numerical analysis performed through a
high-fidelity tool like a RANS (Raynolds Average Navier Stokes) solver, as illustrated in Fig. 6 where the
comparison between MSES and RANS results is shown. Fig. 7 illustrates the pitching moment coefficient
of the kink airfoil in cruise and stall conditions (MSES calculations). Fig. 8 shows the non-dimensional
abscissa of the flow transition on the upper and lower surface of the kink airfoil in cruise condition by
means of MSES, at cruise condition (Cl around 0.6-0.7 the airfoil exhibits a laminar flow extension of
about 50% of the chord). The same numerical analyses have been accomplished also for the root and
the tip sections to have a complete airfoil aerodynamic database to be used for the wing analysis.
This airfoil design was not an easy task because of the very challenging aerodynamic requirements and
the thickness constraints. This design was a good comprise among the various aspects involved into
the design campaign.

——NACA 66(3)-418

——FS Kink airfoil

Figure 4: Kink airfoil, comparison with the reference NACA 66(3)-418

1.4 2.00-
12 a 1.80 Q
//- 1.60
! 1.40-
0.8 | 1.20
0.6 1.00- /
04 = Crusie Condition (MSES) Free Transition | ::: /
= Cruise Condition (MSES) Fully Turbulent i /’ = Kink Stall Condition (CFD-RANS)
02 o /""‘u ——Kink Stall Conditions (MSES)
0 0.20-
0 0.01 0.02 0.03 0.04 0.0 . Zpratiesl] |
-5 o 5 10 15 20
Figure 5: Kink airfoil, drag polar in cruise Figure 6: Kink airfoil, lift curve in stall
condition, free transition vs. fully turbulent condition, MSES vs. CFD
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2-D HIGH LIFT DEVICES DESIGN AND 3-D WING HIGH LIFT PREDICTION

Once the design of the wing sections has been assessed, the high lift devices design has been
accomplished. To meet the requirements provided by Leonardo in terms of maximum lift coefficients
for the take-off and landing, a single slot fowler flap has been considered as suitable trailing edge high-
lift device. The design of the fowler flap has been assessed for three wing sections: inner flap, kink
section and outer flap section. This has been necessary because those three sections have three
different flap chord ratios as illustrated in Table 6 and sketched in Fig. 9. Suggestions about the flap
chord and wing span extension have been derived from a preliminary design and sizing phase
performed at the beginning of the loop 1 of design.

Table 6: Flap geometry and aerodynamic conditions

Sec. n ¢/ C Take-Off Landing
M Re M Re
Inner | 0.11 | 0.27 | 0.171 | 16.2e% | 0.154 | 14.5¢e°
Kink | 0.30 | 0.32 | 0.171 | 17.7e5 | 0.154 | 16.0e®
Outer | 0.78 | 0.32 | 0.171 | 8.8e® | 0.154 | 7.8e®

Inner flap
2y/b=0.11

Quter flap
2y/b=0.78

]

The design of the fowler flap has been performed following the suggestions that can be found in the
NASA report CR 2443 [4]. This paper is a report of a two-dimensional wind-tunnel evaluation of two
fowler flap configurations on GA(W)-1 airfoil. Two fowler flap configurations are investigated, one
configuration has a fowler flap chord of 29% chord and the second one has a flap chord length of 30%
of chord. Optimum flap deflection, slot gap and overlap are reported as function of Cl, the maximum
achieved Cimax is 3.8 for a deflection of 40°.

Following the suggestions presented in this report the slot and the flap geometry have been designed
on the IRON wing.

Figure 9: High-lift devices wingspan location sketch
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Based on the preliminary flap sizing accomplished during the preliminary design phase, where the
baseline configuration layout has been assessed by means of two software developed at UNINA called
ADAS (Aircraft Design and Analysis Software) and JPAD (Java-Based Framework for Aircraft Preliminary
Design and Optimization) [5][6][7], the high lift systems extends from the 11% to 78% of the wing
span and the mean value of the flap chord length is 32% of chord.

The flap design has been performed on the kink section which is the most significant wing section (the
3D wing will exhibit aerodynamic characteristics close to this section), the same flap design parameters
derived for the kink have been applied to both inner and outer flap.

The positioning of the fowler flap is achieved by a combined translational and rotational movement that
drives the pivot point (see Fig. 10) to be placed in such position that guarantees the best values of both
slot gap and slot overlap (these two parameters are defined according to [4]). The pivot point is the
centre of the circumference which is tangent to the leading edge of the flap. The deflection angle of
the flap is referred to a rigid body rotation around the pivot point.

Pivotline o . Flap 15deg

Figure 10: Fowler flap design: flap positioning

To choose the right gap and overlap values different positions of the flap have been analysed by means
of MSES tool. The right positioning of the flap has been accomplished by the “airset” routine of MSES
software, this routine allows the user to define a reference point (the blue circle in Fig. 11 left) with
respect to the flap can be moved and rotated. The right positioning of the flap for a specific deflection
has been chosen to place the expansion peak of the pressure coefficient almost at the exit of the flap
slot, in order to have the maximum flow acceleration avoiding the flow separation on the flap (see Fig.
11 right). Once the right positioning of the flap has been fixed the flap geometry has been exported in
terms of cartesian coordinates and has been analysed by means of both MSES and CFD RANS solver.

Figure 11: Fowler flap design: flap positioning with “airset” tool of MSES software

Fig. 12 shows the final positions of the kink flap at the three considered flap deflections (15-20° for the
take-off conditions and 35° for the landing). Fig. 13 shows the comparison between the numerical
results of MSES and CFD-RANS calculations in terms of lift curve for the kink section with a flap
deflection of 15°, while Fig. 14 shows the pressure contour calculated by means of CFD-RANS simulation
at the take-off conditions for the kink flap section at angle of attack of 15°.
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Same results are shown in Fig. 15 and Fig. 16 where the kink flap section has been analysed at the
landing condition with a flap deflection of 35°.

Figure 12: Fowler flap design for the kink section, flap chord length is 0.32% of chord.
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Figure 13: Fowler flap design: flap 15 Re=13.7e6 alpha = 15°
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From Fig. 18 to Fig. 20 the lift curve, the drag polar and the pitching moment variation are illustrated
for the kink flap sections at several flap deflections (solid lines).

Table 7 shows the summary of the 2-D results in terms of maximum achievable lift coefficient, ACimax
and ACpo for the take-off conditions. Same results concerning the landing flap deflection are
summarized in Table 8.

Because the prescribed maximum lift coefficients for the landing requirements could be hardly achieved
with a single fowler flap, a possible design of leading edge high lift device has been also evaluated.
Because the wing laminar flow is mandatory to achieve the target efficiency and the conventional
leading edge high lift devices (i.e. slats) disturbs the flow and could cause transition to turbulent flow
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immediately after the slat gap, smart seamless and gapless high lift devices at the wing leading edge
are mandatory for a laminar wing of significantly increased aerodynamic efficiency.

A possible design of a droop nose here is presented. Authors have investigated the effects of morphing
in previous articles [8]. In this case the benefit of the smart droop nose comes from a smooth surface
without gaps and steps. Following some suggestions that can be found in the literature [9], a simplified
droop nose geometry is here derived and analysed by means of CFD RANS solver, to derive some useful
information about the effects of a possible droop nose on the high lift characteristics of the IRON wing.

Table 7: IRON kink flap main results Take Off Conditions Flap=15°, CFD results

Flap 15deg. | Cimax | ACimax | ACI@ ag=13° | AC4 @ as=13° | ACm @ ag=13°

Clean airfoil | 1.76 --- --- ---
Inner section | 3.24 1.48 1.24 0.0161 -0.332

Kink section | 3.42 1.66 1.45 0.0241 -0.425
Outer section | 3.36 1.60 1.31 0.0264 -0.425

Table 8: IRON kink flap main results Landing Conditions Flap=35°, CFD results

Flap 35deg. | Cimax | ACimax | ACI@ as=10° | ACa @ as=10° | ACm @ as=10°

Clean airfoil | 1.76 --- --- ---
Inner section | 3.74 2.03 2.16 0.0405 -0.553

Kink section | 4.00 2.28 2.46 0.0524 -0.656
Outer section | 3.75 | 2.04 2.26 0.0631 -0.615

The simplest droop nose geometry, here investigated, is obtained by rotating the 15% of the local
chord with respect to a point located on the lower airfoil surface at the specified x/c=0.15. This design
is a simplification of the droop nose geometry that can be found in [9], where both numerical CFD and
experimental wind tunnel tests have been performed to evaluate the effects of droop nose on the high
lift characteristics on the airfoil of high efficiency laminar wing. In this preliminary design and analysis
of the droop nose, the effects of a deflection of 15 degrees has been considered for all flap conditions.
However, in landing conditions the droop nose deflection could be higher than 15°, as suggested in
[9], where the best combination was 25 degrees of droop nose with 35-40 degrees of flap. In this work,
only the combination of flap 35 degrees and droop nose of 25 degrees has been analysed, useful in
landing condition. Fig. 17 shows the simple droop nose geometry used in this analysis.

Figure 17: Kink flap section with 15%c and 15° and 35° of droop nose geometry.

From Fig. 18 to Fig. 20 the effects of the droop nose on the lift, drag and pitching moment coefficient
respectively are illustrated concerning the kink section (dotted lines), the same analyses have been
performed also on the inner and outer flap sections. The droop nose delays the stall and increases the
maximum lift coefficient. In Table 9 and Table 10 the variations in terms of stall angle and maximum
achievable lift coefficients are summarized for the take-off and landing conditions respectively. A droop
nose deflection of 15 degrees meanly increases the maximum achievable lift coefficient around 0.1 for
each wing section, while a 25 degrees droop nose deflection on 35 degrees of flap increases the Cimax
around 0.2. This droop nose design, having an extension of 15% of the chord and a deflection of 15
degrees or 25 degrees, does not affect in a significantly way the pitching moment coefficient.

At high lift coefficients, the droop nose reduces the drag. Comparable results in terms of drag variation
can be found in [9]. The drag reduction due to the droop nose can be found at high lift coefficients
typical of flap down configurations.
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Table 9: IRON droop nose CFD results Take Off Conditions Flap=15° and Droop-Nose defl. = 15°

AC AC @
C (Dr(')“:"_ ag=13° AC4@ ag=13° | AC, @ ag=13°
Imax P (Droop- (Droop-Clean) | (Droop-Clean)
Clean) Clean)
Clean airfoil 1.76 --- --- ---
Flap Flap&
Flap 15deg. Only Droop
Inner section 3.24 3.40 1.64 1.35 0.0118 -0.324
Kink section 3.42 3.65 1.89 1.58 0.0181 -0.422
Outer section 3.36 3.57 1.81 1.57 0.0183 -0.400

Table 10: IRON droop nose CFD results Landing Conditions Fl

ap=35°, Droop-Nose defl. =25°

Aclmax ACI @
Cimax (Droop- ag=10° ACs@ ag=10° | AC,, @ ag=10°
(Droop- (Droop-Clean) | (Droop-Clean)
Clean) Clean)
Clean airfoil 1.76 --- --- ---
Flap Flap&
Flap 35deg. Only Droop
Inner section 3.74 3.99 2.23 2.23 0.0341 -0.557
Kink section 4.00 4.21 2.44 2.56 0.0452 -0.662
Outer section 3.75 4.08 2.32 2.47 0.0452 -0.662

Once the 2-D aerodynamic effects of flap and droop nose have been evaluated, the 3D high lift
prediction has been accomplished through semi-empirical approach.
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The method here used is a combination of numerical results concerning the 2-D data of the flap
sections and a classical semi-empirical approach for the prediction of the 3-D wing high lift
characteristics.

Concerning trailing edge devices, the DATCOM method has been used to compute the increment in
maximum lift coefficient for the wing [10]. The two dimensional ACimax have been assumed from the
CFD calculations shown in Table 9 and Table 10. According with the 2D Cimax estimation from the CFD
calculations, the maximum achievable 3D Cimax (in untrimmed conditions) are summarized in Table 11.
The maximum achievable untrimmed Cimax is about 2.7 at take-off flap at 15° without droop nose and
about 2.8 at flap deflection of 20° without droop nose. In landing configuration with a flap deflected at
40° the CLmax is about 3.0 without the droop nose and about 3.1 with a droop nose deflected at 25°.
To assess the prediction of the maximum lift coefficient of the wing, some CFD-RANS calculations of
the isolated wing with flap deflected (without droop nose deflection) have been performed. Results are
shown in Fig. 21 and Fig. 22 in terms of lift curve, where the comparison between the semi-empirical
3-D prediction (orange circles) and CFD results (blue circles) is made, some pressure contours and
streamlines are shown in Fig. 22 and Fig. 24. The CFD predictions lead to a Cimax at take-off (flap 15°
no droop nose) of about 2.7 at a higher angle of attack than the semi-empirical predictions. At landing
the CFD numerical prediction show a Cimax Of about 3.4 larger than the predicted one by means of semi-
empirical estimation.

Table 11: High lift devices: aerodynamic coefficient increments in take-off and landing conditions

Achax ACD ACM
Flap Flap Flap Flap Flap Flap
Flap (I;Ir?lp Droop | Droop gl:lp Droop Droop ZI:F Droop | Droop
Y | 1s° 25° Y | 1s5° 25° Y | 15° 25°
15° | 1.04 1.18 - 0.0164 | 0.0120 - -0.288 -0.285
20° | 1.18 1.30 --- 0.0219 | 0.0171 --- -0.341 -0.331
35° | 1.38 1.45 1.53 0.0373 | 0.0325 0.0304 -0.443 -0.450 -0.454
3
Clw
2.5
2
. IRON_WW Flap 15deg
’ LOOP1-RESULTS D2.1 —
) loha i) Figure 22: Isolated Wing at take-off
s 0 5 10 15 20 conditions with flap at 15°, alpha = 10°

Figure 21: Isolated Wing flap at 15°,
CFD vs. Semi-empirical prediction

0 : : Figure 24: Isolated Wing at landing conditions

Figure 23: Isolated Wing flap at 35°, with flap at 35°, alpha = 10°
CFD vs. Semi-empirical prediction
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5 DRAG POLAR ESTIMATION

Once the aerodynamic design and analysis phase has been accomplished the complete aircraft drag
polar has been calculated in several aircraft configurations and conditions (according to the distinct
phases of the aircraft mission profile). The fuselage aerodynamic contributions, also in terms of pitching
moment instability (which influences the trim drag) has been carefully considered. Several calculations
(CFD analysis) have been also performed on the fuselage and classical semi-empirical methods have
been applied (see [9-11]). The fuselage results obtained through a dedicated methodology proposed
by the authors has been also considered [12].

Several articles, also produced by the authors in the last years, have been used in order to assess the
aircraft design and sizing (see [15-17]) and the aircraft drag polar and the aerodynamic contribution of
different aircraft components (see [18][19]).

Methods to predict some drag contributions (like fuselage windshield drag) from classical sources (see
[20][21]) have been also used. The aircraft drag polar is sum of several contributions calculated as
follows:

e WING: integration of airfoils drag coefficient (coming from MSES aerodynamic calculations)
along the wing span to estimate the parasite contribution. For take-off and landing conditions,
the effect of high lift devices has been considered.

e FUSELAGE: CFD Navier-Stokes calculations have been used as function of fuselage angle of
attack [Co=f(as)].

e HORIZONTAL.: this contribution has been computed in the same manner of wing (integration
of airfoil parasite drag along tail span); the drag dependent from horizontal tail lift has also
been considered according parabolic formulation with en=0.9; the drag contribution to trim the
aircraft has been calculated as sum of 2 terms: i) ACorriv=f(ACLR); ii) parasite drag variation
due to tail attitude and elevator deflection

e OTHER COMPONENTS: Vertical tail, nacelles, wing-fuselage interference, horizontal- nacelles
interference, excrescences and miscellaneous items have been considered as a constant
parasite drag source (see [20] [21]).

e TAKE-OFF AND LANDING: landing gear contribution has been considered according to [20].
In these conditions, only the flap deflections effects have been considered (no droop nose
effects have been considered).

Cp breakdown
1
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Cleq 05 o — /
04 4 N\ == CD_p htail
0.3 4 1 CD_tot_htail
0.2 4 H CDo
miscellaneous
0.1
0
0 0.01 0.02 0.03 0.04 0.05 0.06
G

Figure 25: Drag breakdown, Cruise condition at X = 0.25%MAC
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Figure 27: Aircraft efficiency in Cruise,

Figure 261: Aircraft trimmed drag polar, trimmed conditions

Cruise condition

Fig. 25 shows the drag breakdown of complete aircraft vs. the trimmed lift coefficient in cruise
conditions with a centre of gravity located at 25% of the mean aerodynamic chord of the wing. Fig. 26
shows the trimmed drag polar at several aircraft centre of gravity locations, Fig. 27 shows instead the
complete aircraft efficiency. The cruise efficiency is strongly affected by the centre of gravity location
and the target of 18 can be achieved only in the most backword position (33% of mean aerodynamic
chord). This is due to the high trim drag required for this configuration with rear engine installation.
Fig. 28 shows the comparison between the aircraft efficiency in cruise with and without the winglet
with a centre of gravity placed at 25% of MAC. To account for the additional wetted area of the winglet,
a ACpo about 5drag counts has been considered. As it can be appreciated the aircraft efficiency in
winglet off configuration is always lower than 18. The winglet has been specifically designed for this
aircraft giving a reduction of about 10% of the induced drag, especially in the climb condition, but also
in cruise, the designed winglet gives a benefit in terms of induced drag reduction since the aircraft will
fly at moderately high cruise lift coefficient (about 0.6).

Fig. 29 shows the complete aircraft trimmed drag polar in several conditions with the centre of gravity
placed at 25% of the mean aerodynamic chord. Fig. 30 shows the complete aircraft efficiency in clean
stall conditions (take-off and first segment climb) at several positions of the centre of gravity.

Trimmed drag polar
20

_

18

16

14

12

——No Winglet
E 10 =——Winglet

Figure 28: Aircraft efficiency with and without winglet,
cruise conditions, at Xcg=0.25%MAC
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Figure 29: Aircraft trimmed drag polar,
for several configurations, Xcg=25%MAC
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Figure 30: Aircraft aerodynamic efficiency, clean
Conditions (no flap) at several X positions

6 CONCLUSIONS

The paper presents a synthesis of the main aerodynamic results of the first loop of design of an
innovative turboprop aircraft configuration with rear engine installation. A set of wing sections has been
specifically designed to comply with the requirements of this project. To reach the prescribed ground
performance the high lift devices have been also designed and the effects of a possible morphed droop
nose high lift device have been also investigated to augment the maximum lift capability of the aircraft
in take-off and landing conditions.

The complete drag polar breakdown has been performed and the aircraft trimmed drag polar curves
have been calculated to produce a complete aerodynamic data set that could feed the evaluation of
the aircraft performance (not shown in this paper). Almost all the aerodynamic and performance
requirements have been meet, some criticalities dealing with this innovative configuration have
emerged. The aircraft efficiency, trim and stability is strongly affected by the center of gravity position.
All the criticalities emerged from the first loop of design and analysis will feed a refined assessment of
the aircraft layout for a second loop.
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