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Abstract

To align with the new environmental goals established by the European Commission in its documents "Flight-
path 2050: Europe’s Vision for Aviation" and "Fly The Green Deal," aircraft manufacturers, research centers,
and universities have collaborated extensively to develop new aircraft concepts and configurations to reduce
the environmental impact of aviation. The primary objective is to identify innovative technologies and aircraft
configurations that can significantly reduce emissions and fuel consumption. In recent years, the strut-braced
wing (SBW) configuration has attracted significant interest from aircraft manufacturers and research centers.
This aircraft configuration combines the aerodynamic efficiency benefits of a high aspect ratio wing with a
reduction in wing weight compared to a high aspect ratio cantilever wing. The aerodynamic benefit achieved
from the SBW configuration lies in the reduction of induced drag. However, two side effects need to be consid-
ered. The strut initially causes an increase in parasite drag. Secondly, the reduction in the induced drag term
is counteracted by the mutual interference between the wing and the strut. For these reasons, a parametric
investigation was conducted on a regional turboprop aircraft to better understand and quantify the increase in
induced drag caused by wing-strut interference. Various geometric design variables were taken into account
during an aerodynamic investigation conducted using the commercial panel method solver FlightStream ®.
The achieved results have been used to develop a response surface to estimate this aerodynamic effect. Fi-
nally, this numerical model is applied to the preliminary design of a strut-braced wing version of the ATR72-600
aircraft to assess the influence of the developed model on block fuel reduction.

Keywords: Strut-Braced-Wing, Aerodynamic parametric modelling, Aerodynamic design, Aircraft design

1. Introduction
In Europe, the aviation sector contributes approximately 3% of total greenhouse gas emissions. Ac-
cording to projections from Airbus and Boeing, passenger-kilometers are expected to increase by
5% annually over the next two decades [1].Therefore, it is crucial to address the increase in pollution
alongside the growing demand for air travel. To mitigate the environmental impact, the European
community introduced "Flightpath 2050: Europe’s Vision for Aviation" in 2011, outlining the goals and
challenges for the aviation industry to achieve by 2050 [2] This initiative was revised in 2022 with an
updated version called "Fly the Green Deal"[3]. The initial goals set by ACARE in Flightpath 2050
have been revised in "Fly the Green Deal," focusing on three different time segments: 2030, 2035,
and 2050. The goals for the regional aviation segment are summarized as follows:

• By 2030, net CO2 emissions from all intra-EU flights and those departing the EU will be reduced
by 55% compared to a 1990 baseline. Additionally, non-CO2 climate effects will be fully under-
stood, managed, monitored, and reduction targets will be set in line with the latest scientific
understanding and mitigation solutions

• By 2035, new technologies, fuels, and operational procedures will result in a 30% reduction of
non-CO2 climate effects for all intra-EU flights and those departing the EU relative to a 1990
baseline.
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• By 2050, net-zero CO2 emissions will be achieved for all intra-EU flights and those departing the
EU. Furthermore, new technologies and operational procedures will result in a 90% reduction
in NOx, non-volatile particulate matter, and warming contrail cirrus from all intra-EU flights and
those departing the EU relative to the year 2000.

To align with the ACARE goals, various solutions have been explored in recent years, from uncon-
ventional tailplane designs [4, 5], coming to DEP systems [6] arriving to new wing high-lift sys-
tems developing[7].Among the proposed solutions, a promising aircraft architecture that does not
require a complete redesign of the propulsion system, as is necessary for hybrid electric architec-
tures [8, 9, 10, 11], is the use of ultra-high aspect ratio wings (UHARW). Recent research has high-
lighted the potential advantages of this setup, particularly in achieving a significant decrease in fuel
consumption by improving lift-to-drag ratios and minimizing induced drag factors. However, design-
ing wings with extremely high aspect ratios presents challenges. These include increased bending
moments at the wing root, necessitating thicker wings for enhanced stiffness, and higher wingtip de-
flection due to increased elasticity. Researchers have investigated different architectural solutions to
address these challenges, such as strut-braced wings (SBW), multi-fuselage designs[12], and folding
wings. These approaches aim to balance the aerodynamic advantages of UHARW with the structural
considerations essential for safe and efficient aircraft design.
The Strut-Braced Wing (SBW) concept is a specific configuration within the broader Truss-Braced
Wing (TBW) design, comprising various components: the wing, primary wing struts, jury struts, and
a truss support structure attached to the fuselage. The primary wing struts and jury struts serve
distinct purposes, see Figure 1. Primary wing struts are designed to absorb wing bending loads and
transfer them to the lower fuselage carry-through or alter the load direction. Jury struts shift buckling
modes to higher frequencies, thereby stabilizing the wing and/or primary wing struts. When the truss-
braced wing includes only a single primary wing strut, this configuration is termed a strut-braced wing
[13].

Figure 1 – Truss braced wing geometry showing strut definitions.

From a structural design perspective, the addition of a strut enables the creation of a lighter, high-
aspect-ratio wing. The primary wing strut reduces the bending moment at the wing root chord by
supporting a portion of the wing bending moment and transferring it to the fuselage carry-through
structure as axial load. This reduction in the wing bending moment at the root chord, which increases
with the strut chord, compared to the wing bending moment in a cantilever wing configuration, allows
for the design of a thinner wing box. Consequently, a thinner wing box results in reduced airfoil
parasite drag. An example of a possible wing bending moment diagram for SBW and cantilever wing
configurations is shown in Figure 2. The reduction in wing weight is particularly advantageous for
high-aspect-ratio wing configurations, although careful consideration must be given to the choice of
strut chord value. When considering the total aircraft drag estimation using the parabolic drag polar
formulation

CD =CD0 +
C2

L

πAe
(1)

two effects contribute to the reduction of the induced drag term: (i) the lower wing weight, leading to
a lower aircraft weight and hence a lower lift coefficient value, and (ii) the high aspect ratio value.
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Figure 2 – SBW vs. cantilever bending moment spanwise distribution.

While the SBW configuration offers benefits, it also presents certain drawbacks. Firstly, the presence
of the wing strut increases the zero-lift drag coefficient, especially when the strut chord length is not
sufficiently short. Secondly, if the strut is treated as a lifting body, the pressure distribution along the
strut interacts with that along the wing. This interaction alters the load distribution along the wing,
deviating further from the ideal elliptical load distribution. As a result, the Oswald efficiency factor
decreases, leading to increased induced drag. Figure 3 illustrates a comparison of the wingspan
loading, expressed as c(y) ·cl(y), calculated for the cantilever, SBW, and the equivalent elliptical wing
version of the same wing planform. Additionally, the load distribution for the SBW configuration is
subdivided into the load along the wing and the load along the strut to illustrate the change in the
wing loading shape for the SBW concept. The pressure distribution generated by the strut causes
the wing’s load shape to change from the curve represented in blue (cantilever wing loading) to the
curve in purple (SBW wing loading).

Figure 3 – Wing span loading expressed as c(y) · cl(y) comparison among SBW, two-panel wing and
the equivalent elliptical wing version of the same wing planform.

Therefore, while the SBW configuration offers advantages in reducing the CD induced term, the actual
change in drag may not meet the expected value. Consequently, this study focuses on a parameter
that has not been extensively investigated: the wing-strut interference effect. The objective is to
quantify the reduction in Oswald’s factor that the SBW configuration may experience compared to the
cantilever wing configuration if the wing-strut mutual interaction is not correctly optimized. Once the
wing-strut mutual interaction is investigated, the impact of this developed model will be assessed at
the aircraft level, focusing on the design of a strut-braced wing version of the ATR72 aircraft.
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2. Methodologies and Assumptions
2.1 Software used
To assess the reduction in Oswald’s factor produced by the SBW configuration compared to the
cantilever version of the same wing planform, an aerodynamic investigation was conducted using
FlightStream® as the aerodynamic solver. FlightStream® is a surface vorticity flow solver designed
to assist users in developing optimized designs for compressible and incompressible subsonic and
transonic vehicles [14]. This solver uses surface vorticity on an unstructured surface mesh to predict
loads with attached flow [15, 16]. It employs the Fast Multipole Method to handle the merging of far-
field potential inviscid source/doublet bodies into a single body, thereby evaluating the overall impact
on a single near-field body [15]. FlightStream® also has the capability to model the aerodynamic field
and characterize the boundary layer for laminar, turbulent, and transitional regimes [15].
To conduct this aerodynamic investigation, an automatic workflow was established. The wing geom-
etry was designed using a typical wing planform employed for regional turboprop applications. This
geometry was then analyzed using the selected aerodynamic solver, and the obtained aerodynamic
results were post-processed to extract the reduction in Oswald’s factor. The workflow was developed
in Matlab® and is depicted in Figure 4. Figure 5) represents an example of the assumed wing plan-
form. The wing geometry was modeled using the JPAD Modeller software [17].This software models
each lifting surface planform through a series of panels, each characterized by various geometric
features such as root chord, tip chord, span, sweep, and dihedral angle. An example of a two-panel
wing planform is shown in Figure 6.

Figure 4 – Analysis workflow schema.

Figure 5 – Typical wing planform for regional turboprop applications assumed in the aerodynamic
investigation.

The JPAD Modeller software is the first standalone product of the JPAD software family. It was
developed at the University of Naples Federico II by the DAF Research group and is commercialized
by SmartUp Engineering s.r.l., an academic spin-off company of the University of Naples Federico II
[18, 19, 20]. With a simple user interface (UI), JPAD Modeller allows users to generate and manage
parametrically defined aircraft and their CAD models. Each primary aircraft component, such as lifting
surfaces, fuselage, cabin, engines, and movable parts, can be customized according to a preselected
set of input parameters. This approach is designed to offer sufficient flexibility while minimizing the
number of input variables.
JPAD Modeller also allows for easy export of the aircraft CAD and parametric models in several
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file formats, including CPACS, OpenVSP, and FlightStream®. The connection to the FlightStream®
software is established via the FlightStream® Component Cross Section (CCS) file format [21]. Using
this link, the JPAD Modeller user can export and analyze the aerodynamic characteristics of their
aircraft efficiently. Thanks to the existing link between JPAD Modeller and FlightStream®, JPAD was
chosen as the parametric geometry generator in the designed workflow.

Figure 6 – Wing planform definition of two-panel wing used by JPAD software.

2.2 Cantilever and SBW design methodology
Six design geometric variables were assumed and used to build a generic wing planform from which
the cantilever wing geometry and the SBW configuration were derived. All the selected variables
combined in a full factorial design, have been selected as design parameters to understand their
impact on the aerodynamic module. The design variables are listed in Table 1. , which includes the
selected boundary values and the number of levels assumed for each design variable considered
in constructing the full factorial design plane. Four variables are associated with the cantilever wing
configuration, while the other two are related to the SBW. The variables related to the cantilever
solution are wing area (SW ), wing aspect ratio (AR), wing taper ratio (λ ), and wing thickness ratio sets
(tc). The parameters related to the SBW configuration are the wing-strut intersection as a fraction of
the wing semi-span (ηs) and the ratio between the strut chord and the wing chord at the wing-strut
intersection, known as the strut chord ratio (cs/c).

Table 1 – Geometric design variables used to perform the full factorial aerodynamic investigation.

Full factorial design variables

Variable Description Min. value Max. value Levels

SW wing area 50 m2 100 m2 4
A wing aspect ratio 10 20 4
λ wing taper ratio 0.4 0.8 4
tc wing thickness ratio sets Case-1 Case-4 4
ηs strut attachment semi-spanwise position 0.35 0.8 3

cs/c strut chord ratio 0.2 0.6 3

2.2.1 Cantilever wing geometry model
The cantilever wing planform is designed based on the following two assumptions:

• The wing is a two-panel wing where the first wing panel is rectangular while the second is
trapezoidal.
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• the span of the rectangular wing panel has been assumed to be the 66% of the total wing span,
ηrect = 0.66.

From these assumptions, the following formula derives the value of the wing root chord as a function
of the taper ratio (λ ), wing surface area (SW ), and wing aspect ratio (AR):

croot =
2
√

S
√
A

[
1+λ +

1
2

ηrect (1−λ )

] (2)

To complete the design of the cantilever wing geometry model, the wing airfoils must be chosen. The
selected airfoils are from the NACA 5-series, specifically of the type 230XX. Four different combina-
tions for root, kink, and tip section thickness ratios have been selected. All tc sets are provided in
Table 2.

Table 2 – Airfoil thickness ratio values selected for root, kink and wing section.

Spanwise NACA 5 series airfoil selection list

tc sets wing root section wing kink section wing tip section

Case-1 23018 23018 23015
Case-2 23016 23016 23013
Case-3 23020 23020 23017
Case-4 23015 23015 23010

2.2.2 Strut Braced Wing (SBW) geometry model
The SBW wing geometry is derived from the cantilever wing configuration by incorporating a primary
wing strut. The primary strut was modeled based on the following assumptions:

• The z-coordinate of the strut’s leading edge at the strut-fuselage intersection is set to 25% of
the fuselage section height, measured from the bottom of the fuselage section (Figure 7).

• The x-coordinate of the strut’s leading edge at the wing-strut intersection is set at 20% of the
wing chord at the attachment point, measured from the wing’s leading edge. If this requirement
could not be met for a specific combination of design variables, an iterative procedure was
developed to identify a new starting point that minimizes the distance from the original point.

• the strut is modeled as a straight lifting surface with a constant chord.

• the airfoil chosen for each strut section is NACA0012.

These assumptions with the selected value for the design variables cs/c and ηs allows JPAD Modeller
to create the SBW geometry model.

2.3 Aerodynamic analysis
The aerodynamic characteristics of the two wing geometries were analyzed using the same solver
settings, as reported in Table 3.
To validate the accuracy of the FlightStream® software, a random value was selected for each design
parameter within the assigned boundaries, as shown in Table 4. Using these geometry design param-
eters, the corresponding SBW geometry model was created and analyzed using both FlightStream®
and Simcenter STAR-CCM+, a commercial CFD solver [22]. Figure 8 depicts the geometry model
analyzed in STAR-CCM+. Figures 9 and 10 present the comparison of results between STAR-CCM+
and FlightStream® for the analyzed geometry.In Figure 9 the lift curves are compared, showing that
in the linear region, the results are very similar, with a slight difference in the slope of the lift co-
efficient curve, where FlightStream® yields a slightly higher value compared to the RANS analysis
results. Given that the region under investigation is the linear region, the analysis results obtained
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Figure 7 – Z-coordinate for the strut’s leading edge at strut-fuselage intersection.

with FlightStream® are considered acceptable. Figure 10 compares the distribution of the lift coeffi-
cient along the wingspan and the strut semi-span. The results achieved with FlightStream® closely
match those obtained using STAR-CCM+. This figure highlights that the strut alters the distribution of
the lift coefficient, increasing its deviation from the ideal elliptical cl(y) distribution, which corresponds
to the minimum induced drag value (Oswald factor unity). This underscores the utility of a solver that
can produce results comparable to CFD analysis but with significantly reduced computational costs,
facilitating the estimation of the effect of design variables on the wing strut’s aerodynamic impact,
which affects the spanwise distribution of the lift coefficient.

Figure 8 – Geometric representation for the validation test case in Simcenter STAR-CCM+

A total of 2,304 SBW geometry models were generated for analysis using the developed workflow, as
depicted in Figure4. To represent the design space for the cantilever wing geometry model, 256 cases
were generated. Each case represents a combination of design variables used by the JPAD Modeller
software to generate geometric models for both the cantilever and strut-braced configurations. These
geometries were analyzed using FlightStream® under the same operating conditions defined in Table
3. The aerodynamic results for the two wing configurations were post-processed to extract Oswald’s
factors, which were then interpolated using the radial basis functions (RBF) technique to create two
distinct surrogate RBF models, one for each wing configuration. These models were compared to
quantify the variation in Oswald’s efficiency factor introduced by the strut-braced wing compared to
the cantilever wing version.
An example of the results provided by this model is illustrated in Figure 11. This figure shows the
comparison between the strut-braced version of the ATR-72 wing (Sw = 61 m2,A= 12, λ = 0.5639, tc-
set = Case-1) and the cantilever version. The results are presented using a contour plot, illustrating
the influence of the two SBW geometry parameters. From this contour plot, by selecting specific
values for ηs and cs/c, it is possible to estimate the reduction in Oswald’s efficiency factor. This factor
is expressed as a percentage and can be applied to the Oswald factor estimated for the cantilever
wing version [23]. The figure demonstrates that as ηs and the ratio of strut chord to wing chord (cs/c)
increase, the reduction in Oswald’s factor also increases. This is attributed to the larger strut chord
and a more outward position of the attachment towards the wing tip, both of which significantly impact
wing loading, increasing the deviation from the ideal elliptical wing loading.
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Table 3 – Aerodynamic settings for the aerodynamic analysis in FlightStream®

FlightStream® aerodynamic analysis settings
Fluid properties

Altitude 20000 ft
Density 0.6526 kg/m3

Pressure 46.563 Pa
Speed of sound 316.032 m/s

Temperature 248.526 K
Dynamic viscosity 0.000016 Pa/s

Solver settings
Solver type steady

Boundary layer type Transitional Turbulent
Viscous coupling enable
Flow separation enable
Iteration number 800

Convergence limit 0.00005
Processors 36

Symmetry type Plane
symmetry periodicity 1
Angle of attack min −2 deg
Angle of attack max 4 deg
Angle of attack delta 1 deg
Free stream velocity 138.9 m/s

Free stream ref. velocity 138.9 m/s
Side slip angle min 0 deg
Side slip angle max 0 deg
Side slip angle delta 0 deg

Using the results obtained by the developed aerodynamic model is possible to estimate the parabolic
drag polar for the SBW configuration using the equations (3), (4), and (5).

CD,SBW =CD0,Aircraft +CD0,Strut +
1

π ·AR · eSBW
·CL2 (3)

eSBW = ecantilever · (1− kred) (4)

kred = Fred (Sw,AR,λ , tc-set,ηs,cs/c) (5)

where Fred is the developed wing Oswald factor reduction model.

2.4 Wing weight estimation method
The the results achieved using the developed aerodynamic model becomes particularly interesting
when is coupled with a wing weight estimation method, in such a way is possible to evaluate the
impact of the developed aerodynamic model at aircraft level at the preliminary design phase.
The wing weight estimation method selected in this work that is the one developed by G. Chiozzotto
[24], which is based on a physics-based wing weight estimation methodology, where particular im-
portance is given to the aeroelastic effects caused by the high flexibility of the high aspect ratio wings.
This methodology allows for estimating the wing mass for both cantilever and SBW configurations.
This methodology allows for estimating the wing mass for both cantilever and SBW configurations.
Equation (6) defines the method for evaluating the wing mass:

mw = kail · (mcovers +mwebs+ribs)+msec +mstrut (6)
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Table 4 – Geometry characteristic for the FlightStream® test case validation against CFD solver
STAR-CCM+.

Geometry characteristics of the validation test case

Design variable Symbol Value

Wing surface SW 73.87 m2

Aspect ratio A 12.083
Wing thickness ratio set tc-set Case-1

Wing taper ratio λ 0.485
Strut chord ratio cs/c 0.286

Strut spanw. attachment pos. ηs 0.792

Figure 9 – Lift coefficient curve results comparison among STAR-CCM+ and FlightStream®.

where mw represents the total mass of the wing configuration, mcovers denotes the wing box cover
mass (including skins, stringers, and non-optimal mass penalties), mwebs+ribs stands for the mass of
the wing box spar webs and ribs, msec indicates the mass of the secondary wing structure, kail is the
wingbox weight penalty factor for the wing box, necessary to meet aileron efficiency constraints. All
the quantities defined in Equation (6) can be calculated using the equations (7), (8), (9), (10), (11),
and (12).

mcovers = ke ·C ·mEe
TO(W/S)EwsA

EΛ(cosΛ)EΛ(t/c)Et/cV EV (1+λ )Eλ nEnz
z (1−η)Eη (7)

mwebs+ribs = ke ·C ·mEe
TO(W/S)EwsA

EΛ(cosΛ)EΛ(t/c)Et/cV EV (1+λ )Eλ nEnz
z (1−η)Eη (8)

mstrut = ke ·C ·mEe
TO(W/S)EwsA

EΛ(cosΛ)EΛ(t/c)Et/cV EV (1+λ )Eλ nEnz
z (1−η)Eη PEpst

st (9)

kail =
(

ηail

0.5

)−1.1
, for conventional and SBW if ηail < 0.5 (10)

kail = 1, for conventional and SBW if ηail >= 0.5 (11)

ηail = ke ·C ·mEe
TO(W/S)EwsA

EΛ(cosΛ)EΛ(t/c)Et/cV EV (1+λ )Eλ nEnz
z (1−η)Eη PEpst2

st2 (12)

Here ke represents the engine relief factor, W/S denotes the wing loading at takeoff condition, A
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Figure 10 – Lift coefficient spanwise distribution comparison betwen STAR-CCM+ and
FlightStream®, for α = 5 deg, Re=12.5 mil.

Figure 11 – Oswald’s factor reduction model contour plot,for Sw = 61 m2,A= 12, λ = 0.5639,
tc- set = Case-1.

stands for the wing aspect ratio, Λ indicates the wing sweep angle (c/2), t/c represents the airfoil
thickness ratio, V denotes the maximum operating speed (EAS, m/s), λ signifies the wing taper ratio,
nz represents the design positive limit load factor, η denotes the strut position as a fraction of the
wing span, pst is the strut parameter (Equation (13)), ηail represents the aileron efficiency at 67%
of the maximum operating speed at sea level (defined as the ratio between the elastic and rigid
rolling moment coefficient derivative due to aileron deflection), and pst2 is the second strut parameter
(Equation (14)).

pst = 1−η
2

√
cs/c
A

(13)

pst2 = 2− η

cos2 Λ
(14)

The coefficients C and exponents E for different materials (aluminum and composites) and wing
configurations can be found in [24].

3. Regional turboprop with SBW application
3.1 Why the interest in evaluate a regional turboprop aircraft with SBW?
The aerodynamic model developed and the weight estimation method presented in the previous sec-
tion are combined here to assess the impact of the SBW at the aircraft level, using the ATR72-600
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regional turboprop aircraft as a reference platform. The choice of a regional turboprop aircraft as
the test platform is based on the Bombardier market forecast for 2017-2036 [25], which indicates
a total expected demand for 5750 regional turboprop and small single-aisle aircraft (80-150 seats)
over the next 20 years. This demand arises because approximately 86% of the current fleet of these
aircraft is expected to be retired by 2036. Considering these factors, it is crucial to investigate differ-
ent technologies to produce a new regional aircraft that meets ACARE requirements and improves
profitability by reducing Direct Operating Costs (DOC), such as through the use of new material
technologies [26, 27]. The SBW solution appears to be a promising technology to address these
challenges. Therefore, this paper focuses on understanding the impact of the strut, treated as a
lifting body, on a SBW regional turboprop aircraft.

3.2 HEAD software
To assess the aerodynamic model at the aircraft level, the UNINA HEAD (Hybrid Electric Aircraft
Designer) software was used. This software can handle the design of both conventional and hybrid-
electric aircraft, including complex propulsive architectures such as Distributed Electric Propulsion
(DEP). It ensures compliance with aeronautical regulations and design objectives [28]. The HEAD
software consists of three modules:

• The pre-design module: Initializes the aircraft design based on Top-Level Aircraft Requirements
(TLAR) using purely statistical methods [28].

• The sizing module: Estimates the required power and energy to perform a selected design
mission and sizes the aircraft accordingly [29].

• The analysis module: Refines the aircraft design based on iterative simulation-based analysis
of the reference mission [30]

Figure 12 – Workflow of the HEAD software analysis model.

For this application, only the analysis module was used. The workflow for this process is depicted in
the flowchart in Figure 12. This iterative process aims to estimate aircraft characteristics basing on
the aircraft performance calculated in the previous design loop. Simulation-based analysis requires
characterizing every step of the entire flight mission, considering factors such as Mach number, alti-
tude, throttle setting, acceleration, and rate of climb. Depending on the flight segment, the algorithm
executes three phases at each time step, as determined by the specific flight phase:
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• Calculate the aerodynamic characteristics: Based on the flight conditions defined in the aircraft
mission profile, aerodynamic characteristics are computed at the start of the flight segment
simulation.

• Calculate the power distribution : At the prescribed airspeed and altitude, the power distribution
along the propulsion system is determined.

• Estimate the new flight conditions: Based on aerodynamic and propulsive forces, new flight
conditions are established.

To analyze the SBW version of the ATR72-600 aircraft, new methodologies were integrated into the
HEAD software, specifically:

• Strut-braced wing weight estimation method, described in section 2.4

• New Drag estimation model for SBW concept 2.3

3.3 ATR72-600 HEAD model
To assess the impact of the SBW on the ATR72-600 aircraft, the HEAD model representative of the
ATR72-600 must first be sized. The design assumptions for the ATR72 using the HEAD software are
based on the information provided in the ATR72-600 brochure [31], as detailed in Table 5.

Table 5 – Design requirement assumed to size the ATR72 aircraft model using HEAD software [31]

Design Requirement Value
Design Range 740 NM
Climb Speed 170 KCAS
Cruise Speed 270 KCAS

Diversion Range 100 NM
Holding Time 30 min
Fuel Reserve 5 %

Fuel Consumption in cruise @ 95 % MTOW - ISA - FL200 650 kg/h
Typical mission range 300 NM

Take-off field length @ MTOW - ISA - Sea Level 1315 m
Landing field length @ MLW - ISA - Sea Level 915 m

The HEAD analysis module was employed to size the HEAD aircraft model representative of the
ATR72-600. In Table 6, the HEAD model results for the ATR72-600 are compared to the specifications
declared by ATR to validate the software. The errors reported in the table demonstrate a sufficient
level of fidelity in the results, providing confidence to proceed with estimating the impact of the SBW
on the sized aircraft.

Table 6 – Comparison between ATR72-600 aircraft main parameters estimated using HEAD
software with respect that reported on the brochure [31]

ATR72-600 HEAD model validation results.
Parameter Brochure HEAD Error (%)

Max take-off mass 23000 kg 23264 kg + 1.14 %
Max zero fuel mass 21000 kg 21365 kg +1.73 %

Operational empty mass 13600 kg 13965 kg +2.68 %
Max payload 7400 kg 7400 kg /

Take-off field length 1315 m 1308 m - 0.53 %
Landing field length 915 m 950 m + 3.8 %

Block fuel for 300 NM 869 kg 857 kg - 1.38 %
Block time for 300 NM 01:24 h 01:14 h - 11 %

CO2 emissions for 300 NM 2.75 ton 2.7 ton -1.8 %
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3.4 ATR72-600 SBW version
This section evaluates the potential benefits of the new wing technology for the ATR72-600 regional
turboprop aircraft in terms of fuel savings and pollution reduction. Through the use of the HEAD
software has been possible to assesses the effect of this new wing architecture using the devel-
oped aerodynamic surrogate model sizing different versions of the ATR72-600 SBW. This analysis
employed a full factorial Design of Experiments (DOE) approach, using Sw, AR, and cs/c as design
variables. Table 7 lists the design variables, their boundaries, and the number of levels used in this
investigation, resulting in a total of 125 cases. To comprehend the actual impact of the developed
surrogate model, the HEAD analysis model was used to design the aircraft both with and without
considering the change in the Oswald factor caused by the wing-strut interference model.

Table 7 – Geometric design variables used to perform the full factorial DOE ATR72-600 investigation.

Full factorial design variables

Variable Description Min. value Max. value Levels

SW wing area 50 m2 70 m2 5
A wing aspect ratio 10 17 5

cs/c strut chord ratio 0.2 0.4 5
ηs strut attachment semi-spanwise position 0.66 0.66 1
tc wing thickness ratio sets Case-1 Case-1 1
λ wing taper ratio 0.5639 0.5639 1

Table 8 illustrates the impact of wing surface and aspect ratio on MTOW for the SBW configuration,
considering variable cs/c with a fixed value of ηs set at 66% of the semispan. The choice of 66% of
the semispan is based on key findings by Zhang et al. [32], which showed that to reduce the structural
weight of the wing, the ideal strut position should be between 60% and 70% of the wingspan.
As the strut chord ratio increases, there is a reduction in MTOW for both analysis cases. The main
difference between the results obtained using the two drag models lies in the shape of the contour
lines and a slight reduction in MTOW when not considering the reduction in the Oswald factor, result-
ing in lower required propulsive power at takeoff. When considering the increase in drag caused by
the developed aerodynamic surrogate model, there is a slight rise in MTOW. The contour plots also
show a specific region on the wing surface (around 60 m2) where MTOW is minimized with the highest
range in wing aspect ratio. The maximum AR at which it is possible to maintain a low MTOW value
increases with an increase in the strut chord ratio. This phenomenon is attributed to the beneficial
strut effect on wing weight. A greater chord allows the strut to absorb more load, leading to a higher
reduction in the wing root bending moment. This reduction lowers the necessary wing stiffness and,
consequently, reduces the overall wing weight.
Table 9 illustrates the impact of wing surface area and aspect ratio on the block fuel percentage
variation for the SBW configuration, considering variable cs/c with a fixed value of ηs set at 66% of
the semi-span. These contour plots identify an optimal wing surface area where fuel consumption is
minimized, approximately between 60 m2 and 65 m2. By comparing contour plots with the same strut
chord ratio, we observe higher block fuel savings when not considering the developed aerodynamic
model. This is because lower drag requires less fuel for the assigned mission. Comparing the results
with a constant strut chord ratio value shows that maximum fuel savings are achieved with high aspect
ratio values. With a low aspect ratio, a larger strut chord (i) increases the parasite drag coefficient, (ii)
significantly impacts wing loading, resulting in a high kred value, and (iii) the reduction in wing weight
at low AR values for a SBW is not sufficient to counteract the aerodynamic drawbacks. Without the
aerodynamic surrogate model, results are quite similar, but even with a not very high aspect ratio,
there is significant fuel saving.
From the block fuel reduction contour plots, a region with maximum fuel savings can be identified.
The surface area corresponding to maximum fuel savings is approximately 60 m2, coinciding with the
surface area where the minimum MTOW value was registered. This surface value can be explained by
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Table 8 – Max take off weight (MTOW) [tons] contour plots for the sized ATR72-600 SBW version
with and without using the surrogate aerodynamic model to estimate the reduction in the Oswald

efficiency factor.

eSBW, see Eq. (4) ecantilever, see ref. [23]
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Table 9 – Percentage change in block fuel (300 NM typical mission) with respect to the baseline
aircraft, for the sized ATR72-600 SBW version with and without using the surrogate aerodynamic

model to estimate the reduction in the Oswald efficiency factor.

eSBW, see Eq. (4) ecantilever, see ref. [23]
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the fact that a smaller wing surface area results in increased drag due to a larger strut chord, reducing
the already limited takeoff capabilities associated with a small wing area configuration. An increase
in wing surface helps improve take-off capability, but this benefit is valid only up to a certain value.
For a wing surface area exceeding 65 m2, the advantage gained in take-off capability is counteracted
by increased aircraft drag caused by the larger wetted area, leading to reduced fuel saving. Based on
these considerations, the effect of fuel percentage variation near the optimal wing surface value was
analyzed in detail. Four different wing surface areas were chosen for analysis: Sw = 57m2, Sw = 60m2,
Sw = 63m2, and Sw = 65m2. These values are plotted in Figures 13, 14, 15, and 15, respectively.

Figure 13 – Block fuel variation percentage
w.r.t. baseline vs AR, for different strut chord
ratio values with and without the use of the
aerodynamic surrogate model(Sw =57 m2).

Figure 14 – Block fuel variation percentage
w.r.t. baseline vs AR, for different strut chord
ratio values with and without the use of the
aerodynamic surrogate model(Sw =60 m2).

Figure 15 – Block fuel variation percentage
w.r.t. baseline vs AR, for different strut chord
ratio values with and without the use of the
aerodynamic surrogate model(Sw =63 m2).

Figure 16 – Block fuel variation percentage
w.r.t. baseline vs AR, for different strut chord
ratio values with and without the use of the
aerodynamic surrogate model(Sw =65 m2).

In these figures, the impact of the wing aspect ratio on block fuel for various strut chord ratio values
with and without utilizing the Oswald factor variation surrogate model is observed, while keeping the
wing surface values constant. As previously discussed, the optimal wing surface for this analysis
is 60 m2, resulting in a fuel saving of about -5.75% to -6% depending on whether the developed
aerodynamic surrogate model is considered.
Focusing on Fig. 14 for a fixed strut chord ratio value, the chart can be subdivided into three different
regions: low AR region, mid AR region, and high AR region, based on the AR value at which maxi-
mum fuel saving exists.

16



Strut-Braced Wing Induced Drag Modeling for Regional Turboprop Aircraft Design

Let’s discuss the black curves where cs/c = 0.2.

In the low AR region (10 < AR < 12), a high difference is observed between the two solutions. The
utilization of the surrogate model leads to a reduction in fuel savings by approximately 50%. This
difference occurs because, at low AR values, wing loading is significantly affected by the interference
effect of the wing strut. This increase in drag is not yet counteracted by the beneficial effect of weight
reduction resulting from the SBW configuration. As the strut chord ratio increases, the difference in
fuel savings between the two results increases.

In the mid AR region (12 ≤ AR < 15), the difference between the two results decreases, indicating a
consistent trend. The reduction in error between the two solutions can be understood by considering
the weight benefit from the strut and the aerodynamic advantage from an increased AR, which helps
to bridge the gap between the two solutions. The gap exists because of the additional drag caused
by the induced drag model. AR = 13.5 is the optimal AR point, beyond which increasing AR does
not produce the expected aerodynamic benefit for fuel savings. As the AR of the wing increases, the
strut becomes wider, increasing the wetted area and consequently the drag. Additionally, the weight
benefit achieved when increasing the aspect ratio using a low strut chord ratio is not as significant as
with a higher strut chord ratio.

In the high AR region (AR ≥ 15), the two curves decrease because the aerodynamic effect produced
by the surrogate model diminishes.

The same behavior discussed for cs/c = 0.2 is applicable when increasing the strut chord ratio. Given
that the design space does not clarify if this trend exists for other solutions, the design space was
extended only for this wing surface value, and the results are reported in Figure 17.

Figure 17 – Block fuel variation percentage w.r.t. baseline vs AR, for different strut chord ratio values
with and without the use of the aerodynamic surrogate model(Sw =60 m2), design space extended.

From the figure, it can be seen that the same discussion valid for cs/c = 0.2 curves can be applied
to the solutions with higher strut chord ratios. In particular, it can be observed that the optimal strut
chord ratio value is cs/c = 0.3, where a block fuel saving of 5.51% (solid green line) and 5.9% (solid
dashed line) at AR = 17 can be estimated. Additionally, as the strut chord ratio increases, the gap
between the two solutions at the minimum point also increases. This effect can be attributed to the
additional drag caused by the wing-strut interference, which escalates with the increase in strut chord
ratio. The solution with the highest strut chord ratio leads to the lowest fuel savings due to the greater
increase in drag from using a larger strut chord. For this aircraft and mission, the increase in drag
outweighs the weight-saving benefits.
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4. Conclusions and future work
This study identifies a SBW configuration that, when applied to the baseline ATR72-600 aircraft,
reduces block fuel consumption and, consequently, CO2 emissions. The results indicate that utilizing
the developed induced drag model decreases fuel savings by approximately 4.1% for the lowest
strut chord ratio configuration and about 6.6% for the configuration with the optimal strut chord ratio
(cs/c = 0.3). The optimal configuration is deemed the best solution due to its significant fuel savings
when the aspect ratio is large. Thus, the ATR72-600 SBW configuration with the most substantial
fuel consumption reduction is Sw = 60m2, AR = 17, cs/c = 0.3, λ = 0.5639, tc-set = Case-1, ηs = 0.66.
While the variation in block fuel due to the application of the developed aerodynamic model seems
minor, its actual impact can be assessed by comparing a year of flights for the baseline aircraft versus
the new ATR72-600 SBW version with and without using the surrogate aerodynamic drag model. The
results, shown in Table 10, are based on a typical mission of 300 NM, allowing for six flights per day
over 358 days a year, accounting for seven days of maintenance. Table 11 presents the differences
between the three aircraft configurations discussed. The SBW version, sized using the induced drag
aerodynamic model, saves up to 101 tons of fuel annually, while not considering the model saves
an additional 9 tons. The third column highlights the difference between the two SBW solutions,
indicating that neglecting the wing-strut interaction effect overestimates annual fuel savings by about
9 tons.
In conclusion, the introduction of induced drag modeling for regional turboprop aircraft enhances the
accuracy of SBW configurations in the preliminary design phases. Many researchers have focused on
sizing aircraft without considering the strut as a lifting body, neglecting the wing-strut interaction effect,
which impacts the wing’s aerodynamic loading and, consequently, the aircraft’s induced drag. The
use of this surrogate aerodynamic model provides more reliable results. It is important to note that the
difference compared to the non-lifting strut solution increases as the strut chord ratio increases, while
it decreases as the wing aspect ratio increases. This aerodynamic model could be further improved
by increasing the accuracy of the aerodynamic solver or by designing a better shape for the primary
wing strut with a rounded wing-strut junction, which would decrease aerodynamic interaction effects.

Table 10 – Annual flight results for the baseline aircraft and the designed ATR72-600 SBW versions

Annual flight consumption comparison

ATR72-600 ATR72-600 SBW ATR72-600 SBW
Baseline Aircraft considering ecantilever considering eSBW

Block fuel per mission (kg / Flight) 857 806 810
Block fuel per day (kg / Day) 5142 4836 4860

Block fuel per year (ton / Year) 1841 1731 1740
CO2 emitted per year (ton / Year) 5818 5471 5498

Table 11 – ATR72-600 SBW versions result delta comparison w.r.t. baseline aircraft.

ATR72-600 SBW comparison

ecantilever vs. baseline eSBW vs. baseline eSBW vs. ecantilever
Block fuel per mission (kg / Flight) −51 −47 4

Block fuel per day (kg / Day) −306 −282 24
Block fuel per year (ton / Year) −110 −101 9

CO2 emitted per year (ton / Year) −347 −320 27
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