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A quasi-three-dimensional aerodynamic solver is developed for aerodynamic analysis of

wings in a transonic regime, able to capture the effect of Boundary Layer Suction (BLS) in Hybrid

Laminar Flow Control (HLFC) application or transition to turbulent flow for Natural Laminar

Flow (NLF). The tool provides accurate results but without the high computational cost of high-

fidelity tools. The solver combines the use of an Euler flow solver characterized by an integral

boundary layer method and Linear Stability Analysis using a 2.75D approximation for transition

prediction. In particular, a conical transformation is adopted, including the determination of

the shock-wave position. The solver is implemented in a Multidisciplinary Design Optimization

(MDO) framework, including wing weights estimation and aircraft performance analysis. The

framework consists of different modules: aerodynamics, structure, suction system analysis, and

performance evaluation. Using a genetic algorithm and considering HLFC technology, wing

MDO has been performed to find the optimum wing planform and airfoil shape. A backward

swept wing aircraft, developed inside the Cluster of Excellence SE2A (Sustainable and Energy

Efficient Aviation) is studied. Novel technologies such as active flow control, limited maximum

load factor due to load alleviation and novel materials allow a fuel weight reduction of 6%.

Nomenclature

𝛼 = angle-of-attack, deg

Γ = dihedral angle, deg

[ = efficiency
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_ = taper-ratio

𝜑 = sweep angle

𝐴𝑅 = aspect ratio

𝐵𝐿𝑆 = boundary layer suction

𝑏 = span, m

𝐶𝑑 = sectional drag coefficient

𝐶𝐷 = wing drag coefficient

𝐶𝑑𝑠 = sectional suction drag coefficient

𝐶𝐷𝑠 = wing suction drag coefficient

𝐶𝑙 = sectional lift coefficient

𝐶𝐿 = wing lift coefficient

𝑐 = chord, m

𝑐𝑚 = pitching moment

𝐸∗ = energy density, Wh/kg

HLFC = hybrid laminar flow control

J = fitness function

𝐿/𝐷 = lift-to-drag ratio

LFC = laminar flow control

M = Mach number

MTOW = maximum take-off weight, kg

OEW = operating empty weight, kg

P = power, W

𝑅 = range, km

𝑅𝑒 = Reynolds number

𝑆 = Surface, 𝑚2

𝑡 = thickness

𝑇/𝑊 = thrust-to-weight ratio

𝑉 = cruise speed

𝑊 = weight, kg

𝑊/𝑆 = wing loading 𝑘𝑔/𝑚2

Subscripts

𝑏 = battery
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𝑓 = fuel

𝑖 = induced

𝑟 = root

𝑡 = tip

𝑇𝑂 = take-off

𝑤 = wing

I. Introduction
Climate changes and economic crises push European governments to develop a common strategy to cut emissions

and design the new generation of aircraft. Flightpath 2050 [1] establishes optimistic objectives for the future of aviation,

like reducing 75% and 90% of 𝐶𝑂2 and 𝑁𝑂𝑥 emission, respectively, and a 65% noise reduction. Current technologies

could be used at higher efficiencies to achieve these goals, but the possible growth trend of air transportation may need

substantial developments, like active flow control, load alleviation, boundary layer ingestion, and advanced structures.

Boundary layer suction (BLS) represents a well-known technique for drag reduction. In fact, wind-tunnel experimental

work on Laminar Flow Control (LFC) for aviation was performed in the late 1930s [2]. Natural Laminar Flow (NLF)

airfoils are able to passively reach laminar flow through a proper airfoil shape design. This phenomenon is reached in

the forward part of the airfoil and with a limited leading edge sweep angle. The increment of sweep (>18 deg) leads to

relevant Cross Flow Instabilities (CFI) and Attachment Line Transition (ALT), in addition to Tollmien–Schlichting

Instabilities (TSI) [3, 4]. The dominance of CFI and ALT near the leading edge limits NLF design to lower Reynolds

numbers [5, 6]. Boundary Layer Suction (BLS) removes a small amount of flow, at low momentum, in the wall region.

In this way, instabilities are damped, and the boundary layer is stabilized. The effect of a higher sweep angle and higher

Reynolds number may be mitigated. Airfoil shape tailoring allows for laminar flow downstream. The couple of BLS

with natural laminar flow is called Hybrid Laminar Flow Control (HLFC). Since the mid-1980s, the research was mainly

focused on HLFC [7]. Recently, Boeing has mounted a HLFC system for the horizontal and vertical tail of its B787-9,

benefits are reported as "significant" [8]. Beck et al. [9] studied a mid-range forward-swept wing configuration with

an 80% laminar flow wing and a 70% laminarized fuselage, with a potential fuel burn reduction up to 47%. Sudhi et

al. performed a 2D airfoil shape optimization for subsonic unswept [10] and transonic swept wing in NLF and HLFC

applications [11] to minimise drag and for power optimization. In the transonic regime, the optimum NLF airfoil has

27% lower drag than an optimum turbulent airfoil, while the optimum HLFC airfoil showed a 25% lower total drag than

the NLF airfoil [11]. Design optimization of a fully-electric regional airplane with HLFC is studied in [12], showing a

reduction of profile drag of more than 38% achieved using BLS.

Load alleviation via passive or active technologies represents an approach to reduce bending moments and hence
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structural weight reduction. A lower maximum bending moment allows designing wings for a lower limit load factor.

Passive load alleviation is mainly established by designing the structure in a way that, when subjected to high loads, its

deformation reduces the lift. Techniques include nonlinear stiffness material design [13], viscoelastic damping design

[14], new structural concepts [15, 16], and finally, local morphing structures [13]. Hahn et al. [17] performed a coupled

fluid-structure-interaction analysis; the concept includes a structure which buckles at a critical load higher than cruise

lift and consequent deformation that reduces the lift itself. Active load alleviation is applied through wing flow control,

implying a more favorable load distribution and hence a reduced wing bending moment. In particular, investigations on

the feasibility of the use of active load alleviation technology are done by Rossow et al. [18]; Liu et al. [19] designed

robust control laws for a large flexible wing with uncertainty in Mach number and dynamic pressure to investigate the

load reduction capability by use of a controller.

In literature, different frameworks are designed for wing aerostructural optimization. Low-fidelity tools are limited

for aerostructural optimizations. In fact, the estimation could be subjected to inaccuracies making them more suitable

for preliminary and initial design as done in [20]. At the opposite, high-fidelity tools can be applied for aerodynamic and

structural refinements, able to capture the effects of aerostructural phenomena not really visible at low fidelity. However,

high-fidelity analysis implies high computational power, cost and in general, experience to set the problem correctly. An

example can be represented by Liem et al. [21], in which a structural wing analysis is obtained through a finite element

analysis tool, while the aerodynamics part is investigated for an inviscid and incompressible flow. These data are then

used to build a surrogate model. Therefore, a medium-fidelity approach represents a trade-off between acceptable

computational power and accuracy in the analysis. In Mosca et al. [22], a mid-fidelity aerostructural optimization

framework is presented, characterized by the coupled adjoint sensitivity analysis method [23] in order to facilitate the

gradient computation. The framework is able to capture in a mid-fidelity approach the aeroelastic effect but lacks a

mid-fidelity accuracy for boundary layer suction estimation; in fact, the technology is simulated through a drag penalty

method and without any modification or study of the boundary layer equations.

This work aims to present a medium fidelity but physics-based analysis including a framework for wing aerostructural

optimization for HLFC and NLF application, able to compute structural and aerodynamic parameters considering

the novel technologies. In this study, a particular focus is given to active flow control technology utilizing boundary

layer suction (BLS). The framework presents different modules studying: aerodynamics, structure and propulsion.

The aerodynamic module consists of an Euler-based solver, boundary layer solver and linear stability theory (LST).

The structural block uses elementary wing box sizing techniques to compute the amount and distribution of material

necessary to sustain the applied loads, combined with empirical methods to estimate the other weight contributions.

The propulsion module presents empirical techniques to estimate performance parameters and fuel weight. A Genetic

Algorithm (GA) is used due to the high convexity of the design space. In fact, the aerodynamic module may suffer from

convergence issues, making the gradient computation difficult. Hence, a gradient-free optimization results in higher
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robustness. In this way, the optimizer has a lower probability of getting stuck in local optima, having the possibility

to explore a wider solution space. A backward-swept mid-range aircraft developed in the Cluster of Excellence

SE2A (Sustainable and Energy Efficient Aviation) [24] is studied. The SE2A is an interdisciplinary research center

developed in Germany to pursue the above-mentioned objectives for sustainable aviation by investigating different

technologies. The present work is divided into several sections. Section II presents laminar flow control technology and

its implementation within the framework, while section III describes a new Quasi-Three-Dimensional tool for HLFC

(Q3D-HLFC) application providing details about the methodology implemented for wing drag and loads estimation.

Section IV presents details about the optimization framework, including design variables, constraints and the modules

involved. Section V gives details about the results. In the last section, conclusions are defined.

II. Laminar flow control
The section focuses on the theoretical explanations of the fundamentals of laminar flow control. The technique is

used to extend the laminar flow over the wing by dampening the amplified instabilities, which cause the transition to

turbulent flow. On a wing, three different instabilities can be studied: 1) Tollmien–Schlichting Instabilities (TSI), 2)

Cross-Flow Instabilities (CFI), and 3) Attachment-Line Instabilities (ALI). TSI are given by disturbance waves that travel

in a streamwise direction, generally occurring behind the maximum airfoil thickness due to the amplification provided

by positive pressure gradient [25]. CFI originate from the streamline curvature characteristic in three-dimensional

boundary layers. Higher sweep angles increase them due to additional pressure gradient along the wingspan and the

associated three-dimensionality of the boundary layer. In particular, they act close to the leading edge where there

is a strong adverse pressure gradient [25]. ALI represent another disturbance related to three-dimensional flow. In

particular, when significant disturbances occur for swept wings, an example is given by the turbulent boundary layer of

the fuselage, and their propagation along the attachment line may result in transition [26]. Boundary layer and linear

stability theory (LST) solvers, COCO-LILO [27, 28] are used to extract laminar boundary layer characteristics and

for laminar to turbulent transition prediction, including the effect of boundary layer suction (BLS). The profile drag,

decomposed in pressure and friction drag, is evaluated through MSES [29] for pressure drag and turbulent skin friction

drag. In contrast, the laminar skin friction drag is obtained from the boundary layer code. If a boundary layer is assumed

thin with respect to the characteristic length (𝛿′=𝛿/l « 1) and large Reynolds number (Re→ ∞), terms of the order O(𝛿′)

or smaller in the Navier-Stokes equation can be neglected [25]. Considering a two-dimensional, steady, compressible

flow which velocity components are 𝑢 and 𝑣 in x and y direction, the flow density 𝜌, static pressure 𝑃, the boundary

layer equations consist of:

x momentum equation:

𝑢
𝛿𝜌𝑢

𝛿𝑥
+ 𝑣 𝛿𝜌𝑢

𝛿𝑦
= −𝛿𝑃

𝛿𝑥
+ ` 𝛿

2𝑢

𝛿2𝑦
(1)
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y momentum equation:

0 = −𝛿𝑃
𝛿𝑦

(2)

Continuity equation:
𝛿𝜌𝑢

𝛿𝑥
+ 𝛿𝜌𝑣
𝛿𝑦

= 0 (3)

Boundary conditions: y = 0; u = 0; 𝑣 = 𝑣0 (< 0 for suction); y → ∞ : 𝑢 → 𝑈 (𝑥)

At the wall (y = 0):

a0

(
𝛿𝜌𝑢

𝛿𝑦

)
0
= −𝛿𝑝

𝛿𝑥
+ ` 𝛿

2𝑢

𝛿2𝑦
(4)

The curvature of the velocity profile 𝛿2𝑢
𝛿2𝑦

in Eq.4 influences the stability of the laminar boundary layer. In particular,

the more negative the term is, the more stabilized the flow [25, 30]. Hence, analyzing (Eq.4), it can be passively

controlled by pressure gradient and actively by imparting a normal velocity at the wall (𝑣0 < 0 for BLS). The combination

of a favorable pressure gradient and BLS, maintaining the boundary layer stability, represents the principle of HLFC.

The shock-wave location gives the maximum portion of laminar flow achievable for a typical transonic flow, in fact, the

adverse pressure across the shock makes the laminar flow separate. The suction effect across the shock is not studied in

this work.

III. Quasi-Three-Dimensional Hybrid Laminar Flow Control Aerodynamic Solver
The Quasi-Three-Dimensional Hybrid Laminar Flow Control (Q3D-HLFC) Aerodynamic Solver represents a

substantially modified Quasi-Three-Dimensional (Q3D) methodology [31], able to capture NLF or HLFC effect. The

tool is used in the aerodynamic module of the optimization framework for drag computation. The new Q3D can directly

compute the shock-wave position in the MSES-COCO-LILO module and the application of a conical transformation

of the airfoil section as deeply studied in [30, 32]. Drag is decomposed into different components: friction, pressure

(including wave drag) and induced drag. Miscellaneous drag, caused by small components like surface imperfections, is

not taken into account in this analysis. For simplification, considering the pressure nature of the wave drag and the

dependence on the airfoil shape, they are lumped into one single component defined as pressure drag that, together with

friction, defines the profile drag. Another drag source is considered when active flow control is applied: suction drag.

In fact, the use of BLS implies an energetic dispense due to the pressure losses given by the suction system that needs to

be considered when sizing the aircraft. The Q3D-HLFC consists of three steps: 1) a Vortex Lattice Method (VLM)

is used to calculate the lift distribution, loads and lift coefficient 𝐶𝐿 . Besides, wing induced drag is obtained using

the Trefftz plane analysis [33]; 2) outputs from step 1 are used to run the airfoil analysis tool given by the coupling

MSES-COCO-LILO. The tool is applied for each two-dimensional (2D) section where the wing is divided to compute

pressure and suction distribution, transition location and profile drag. Conical-flow assumptions are used to take into

6



account three-dimensional (3D) effects, and so to move from a 2D to an approximated 3D approach [30]. Step 3) is

about the computation of the wing total drag and suction power. Some strategies for non-converged cases may be used.

The whole Q3D-HLFC framework is shown in Fig.1.
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Fig. 1 Q3D-HLFC flow chart.

A. Q3D-HLFC Description

1. Step 1

Airfoil shapes, geometrical parameters and wing lift coefficient 𝐶𝐿 (or the angle of attack 𝛼) represent inputs for

the VLM like the Athena Vortex Lattice (AVL) [34] from which the lift distribution along the span and in general
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wing loads are obtained. Lift coefficient 𝐶𝐿 is determined in case 𝛼 is used as input, or at the opposite, in case of lift

coefficient is provided, then the angle of attack is obtained, induced drag 𝐶𝐷𝑖 is calculated from Trefftz theory [33].

2. Step 2

The wing is divided into eight sections, generated parallel to the free-stream. In fact, the free-stream properties

are computed because they are needed as input of the COCO-LILO module. Each free-stream property is converted

according to a 2D conical transformation, considering a reference angle 𝜑𝑟𝑒 𝑓 , as input of MSES. The division into eight

spanwise sections represents an effective trade-off between accuracy and computational cost, as proofed in [31]. A

higher number of sections improve the accuracy slightly but with a substantial increment of computational time. The

reference angle represents the local sweep angle for which (𝑥/𝑐)𝑟𝑒 𝑓 =(𝑥/𝑐)𝑠ℎ𝑜𝑐𝑘−𝑤𝑎𝑣𝑒. Lock equivalence law defines

the transformation, from a geometrical and flow point of view, between the free-stream reference frame (represented by

the subscript ∞) and the conical reference frame sections (subscript 2𝑑) [35]. The main parameters, Mach number

𝑀 , speed 𝑉 , y-coordinate along the wing span and sectional lift coefficient 𝐶𝑙 , expressed for the conical sections, are

defined as:

𝑀2𝑑 = 𝑀∞𝑐𝑜𝑠(𝜑𝑟𝑒 𝑓 ) (5)

𝑉2𝑑 = 𝑉∞𝑐𝑜𝑠(𝜑𝑟𝑒 𝑓 ) (6)

𝑦2𝑑 = 𝑦∞𝑐𝑜𝑠(𝜑𝑟𝑒 𝑓 ) (7)

𝐶𝑙2𝑑 = 𝐶𝑙∞/𝑐𝑜𝑠2 (𝜑𝑟𝑒 𝑓 ) (8)

The airfoil transformation for a wing swept-tapered segment is done considering an equivalent airfoil developed along a

conical arc chord. Its origin lies in a virtual wing apex 𝑉 , from which all lines at constant chord fraction are generated.

The methodology has been studied and applied in Kaups and Cebeci [36], and at the Deutsches Zentrum für Luft- und

Raumfahrt (DLR) [30, 32]. In details:

𝑡𝑎𝑛(𝜑) = 𝑡𝑎𝑛(𝜑𝑙𝑒)
(
1 − 𝑥

𝑐

)
+ 𝑡𝑎𝑛(𝜑𝑡𝑒)

( 𝑥
𝑐

)
(9)

( 𝑧
𝑐

)
𝑐𝑜𝑛𝑖𝑐𝑎𝑙

=

( 𝑧
𝑐

)
3𝑑

√︂
1 + [𝑡𝑎𝑛(𝜑𝑙𝑒)

(
1 − 𝑥

𝑐

)
+ 𝑡𝑎𝑛

( 𝑥
𝑐

)
]2 (10)

where 𝜑 represents the sweep angle, while x/c and z/c are the nondimensionalized airfoil coordinates. The wing

transformation is shown in Fig.2. In particular, the wing is divided into different segments depending on the geometrical

variations. As an example, the reference wing shown in Fig.2 shows two different segments, limited by the blue sectional

line, dividing the wing between the root and the kink, and then from the kink to the tip. The leading and trailing edge
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sweep angles change depending on the geometry of the segment considered. Besides, the picture shows an example of

isobars drawn assuming isochord lines ((𝑥/𝑐)𝑐𝑜𝑛𝑠𝑡 ) and the local sweep angle 𝜑 between the section and the considered

isobar. The dashed line shows the transformed conical arc for the airfoil section. The strategy is reasonable, especially if

the distance between the apex and the conical wing element is sufficiently large. This condition is satisfied in the case of

moderate taper ratios [27]. The division of the wing into different segments, depending on the geometrical variations,

helps the satisfaction of the previous conditions, as visible in Fig.2.

φle

φteφte

V1(virtual apex)

V2
(virtual apex)

M∞

1st segment
2nd segment

Isobars assuming
(x/c)const for the
2nd segment

Isobars assuming
(x/c)const for the
1st segment

Fig. 2 Wing conical transformation.

The core part of the methodology is the determination of the sectional drag coefficient considering sweep and taper

ratio; the calculation relies on an iterative process in which the induced angle of attack 𝛼𝑖 is found. The tool allows

the possibility of determining the two-dimensional sections according to a conical transformation or perpendicular to

the sweep-line drawn 25% chord-wise for subsonic cases, while 50% chord-wise as an approximation for transonic

regime application. The first solution, applied in this research, is represented by the airfoil conical transformation

and by the reference sweep angle obtained with respect to the calculated shock-wave line. The technique is generally

referred to as ”2.75𝐷” [32]. According to the last two solutions, the user can fix the local sweep line used to obtain the

angles needed to convert sectional properties to free-stream at 25% chord if low subsonic or 50% for transonic regime
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and then produce normal sections to this line. The approximation is called ”2.5𝐷”. A 2.5𝐷 approximation generally

assumes an infinitely swept wing without considering the effects of wing taper. In fact, properties are transformed into a

leading-edge normal 2D reference frame. In this research, because airfoils are generated considering geometrical wing

variations, taper-ratio is always considered, even for a 2.5D analysis in which the sweep/shock line used to convert

properties is fixed. The main difference between the two approaches lies in generating sections and flow properties with

respect to a 2D reference frame considering exactly the sweep angle between the shock position and the horizontal

axis in the case of a 2.75 analysis. An intermediate solution that can also be applied in the tool is the use of a conical

transformation but fixing the shock-line chord position to estimate the local sweep angle. Considering the forces and

angles shown in Fig.3, the effective lift referred to free-stream condition is given by:

𝑙𝑒 𝑓 𝑓 =
𝑙∞ + 𝑑𝑒 𝑓 𝑓 𝑠𝑖𝑛(𝛼𝑖)

𝑐𝑜𝑠(𝛼𝑖)
(11)

where 𝑑𝑒 𝑓 𝑓 is the effective drag, 𝛼𝑖 is the induced angle of attack. In particular:

𝑙𝑒 𝑓 𝑓 =
1
2
𝜌𝑉𝑒 𝑓 𝑓

2𝑐∞𝐶𝑙𝑒 𝑓 𝑓 (12)

𝑙2𝐷 =
1
2
𝜌𝑉∞

2𝑐∞𝐶𝑙∞ (13)

𝑑𝑒 𝑓 𝑓 =
1
2
𝜌𝑉𝑒 𝑓 𝑓

2𝑐∞𝐶𝑑𝑒 𝑓 𝑓 (14)

𝑉𝑒 𝑓 𝑓 =
𝑉∞

𝑐𝑜𝑠(𝛼𝑖)
(15)

having defined the flow density as 𝜌 and the aerodynamic chord 𝑐. Hence, the effective lift coefficient is expressed as:

𝐶𝑙𝑒 𝑓 𝑓 =
𝐶𝑙∞𝑐𝑜𝑠(𝛼𝑖)2 + 𝐶𝑑𝑒 𝑓 𝑓 𝑠𝑖𝑛(𝛼𝑖)

𝑐𝑜𝑠(𝛼𝑖)
(16)

While the effective Reynolds number:

𝑅𝑒𝑒 𝑓 𝑓 =
𝜌𝑉𝑒 𝑓 𝑓 𝑐∞

`
(17)

An aerodynamic solver, consisting of the coupling of MSES and COCO-LILO, is used for drag analysis. In particular,

it receives effective free-stream conditions and converts these parameters for the 2D conical sections using the equations

listed, from Eq.5 to Eq.8, as input of MSES. The initial reference sweep angle is given by 𝜑𝑟𝑒 𝑓 for (𝑥/𝑐)𝑟𝑒 𝑓 = 0.5.

10



Fig. 3 Wing section angles and forces.
.

Inside this block, the shock-wave location is computed and becomes the new (𝑥/𝑐)𝑟𝑒 𝑓 , the value is updated until the

transition point 𝑥𝑡𝑟 is determined and converged. The lift coefficient value used for MSES needs to be transformed

for the 2D conical section considering the term of effective drag as seen in Eq.16 and considering a coefficient

𝐾𝐶𝑑𝑒 𝑓 𝑓
= 𝐶𝑑𝑒 𝑓 𝑓 𝑠𝑖𝑛(𝛼𝑖)/𝑐𝑜𝑠(𝛼𝑖). Hence:

𝐶𝑙2𝑑𝑒 𝑓 𝑓 = (𝐶𝑙2𝑑𝑒 𝑓 𝑓 − 𝐾𝐶𝑑𝑒 𝑓 𝑓
)/𝑐𝑜𝑠2 (𝜑𝑟𝑒 𝑓 ) + 𝐾𝐶𝑑𝑒 𝑓 𝑓

(18)

In this way, the proper 𝐶𝑙 is selected for MSES analysis, while the COCO-LILO block will receive the free-stream

one initially computed. Besides, the MSES-COCO-LILO toolbox has generic inputs for the AVL and the optimization

framework, including suction parameters and efficiencies. The tool also needs 𝐶𝑙𝑒 𝑓 𝑓 , 𝑅𝑒𝑒 𝑓 𝑓 , 𝑀𝑒 𝑓 𝑓 , the local sweep

angle 𝜑 (computed between the horizontal and the sweep line for the local chord), and 𝑡/𝑐∞ representing the thickness

to chord ratio for the sections according to the free stream. The parameter is used to take into account attachment-line

instabilities (see Sec.III.B) and for the BLS weights computation, treated in the following modules of the MDO (see

Sec.IV.C). Besides, the module receives the transition location for the upper and lower surface as input. The new induced

angle of attack 𝛼𝑖𝑛𝑒𝑤 is given considering the incidence angle (𝛼) given as input (0 deg for our cruise mission) and the

geometrical twist angle (𝜖) transformed according to the sectional direction and then subtracting with the effective angle

of attack 𝛼𝑒 𝑓 𝑓 obtained by MSES. In fact:

𝛼𝑖 =
𝛼 + 𝜖

𝑐𝑜𝑠(𝜑𝑟𝑒 𝑓 )
− 𝛼𝑒 𝑓 𝑓 (19)

The new induced angle of attack will be used to obtain the new effective properties iterating until the tolerance is

satisfied. The reference sweep angle is updated at each iteration. Therefore, the solver may be launched multiple times.

Hence, the last transition location for the upper and lower surface is taken to reduce the number of iterations for the
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convergence of COCO-LILO. Initially, a full turbulent case is supposed. Therefore a transition position for the upper

and lower surface is given by: 𝑥𝑡𝑟 = [0 0].

In our research, instead of using a near-field analysis term to consider induced drag, a far-field approach, given by

AVL in step 1 (Sec.III.A.1), is chosen for its higher accuracy. The profile drag coefficient can be decomposed in friction

and pressure drag (including wave drag) according to a 2D section analysis, while the suction drag is defined similarly

for the same 2D approach:

𝐶𝑑 𝑓 =
𝐶𝑑 𝑓𝑒 𝑓 𝑓

𝑐𝑜𝑠(𝛼𝑖)
𝐶𝑑𝑝2𝑑

=
𝐶𝑑𝑝𝑒 𝑓 𝑓

𝑐𝑜𝑠(𝛼𝑖)
𝐶𝑑𝑠2𝑑

=
𝐶𝑑𝑠𝑒 𝑓 𝑓

𝑐𝑜𝑠(𝛼𝑖)
(20)

Sweep theory needs to be applied to compute the profile drag in the free-stream direction (see Fig.2). Drela in [37]

assumes that friction drag, considering its nature given by the friction vector 𝜏𝑤 mostly aligned with the outer potential

flow and generally parallel to𝑉∞, is scaled with the free-stream dynamic pressure, while pressure drag due to shock-wave

and viscous displacement is assumed to scale with the dynamic pressure according to the normal direction of the

wing and acting normal to the sweep/shock-wave line. Suction drag represents the "energetic" cost necessary for BLS,

considering the difference in pressure between the free-stream and boundary layer edge and the consequent pressure

losses from the porous skin to the inlet of the compressor. This component is related to pressure and airfoil shape and

in [10] is considered as a pressure drag component. However, it is considered an internal drag taking into account

that the suction pump needs to restore the total head of the sucked air to that of the free-stream by discharging it at

free-stream velocity. Hence it is approximated to be scaled with the free-stream dynamic pressure. The approximation

is conservative for a "2D" approach. So the friction, pressure and suction drag coefficients are defined as:

𝐶𝑑 𝑓 = 𝐶𝑑 𝑓2𝑑
𝐶𝑑𝑝 = 𝐶𝑑𝑝2𝑑

𝑐𝑜𝑠3 (𝜑𝑟𝑒 𝑓 ) 𝐶𝑑𝑠 = 𝐶𝑑𝑠2𝑑
(21)

Finally:

𝐶𝑑𝑝𝑟𝑜 𝑓 = 𝐶𝑑 𝑓 + 𝐶𝑑𝑝 (22)

Once the drag parameters are found, in the case of the aerodynamic solver convergence issues, if the number of

non-converged sections is not higher than 2 (for a wing division in 8 sections), the parameters are determined through a

proper interpolation strategy. If too many sections are not converged, the tool will result in ”𝑛𝑜𝑡 − 𝑎 − 𝑛𝑢𝑚𝑏𝑒𝑟” as final

parameter. In particular, depending on the parallelization strategy adopted (see Sec.IV), if sections are analyzed in series,

the loop can be directly stopped after the maximum limit of not converged sections is overcome to save computational

time during the optimization.
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3. Step 3

The last stage determines the final aerodynamic and performance quantities. In particular, lift coefficient 𝐶𝐿 is

obtained in step 1 (Sec.III.A.1) and hence no other calculation is needed. The total wing profile drag 𝐶𝐷 𝑝𝑟𝑜 𝑓 (including

wave drag as clarified at the beginning of Sec.III) is obtained by integrating the sectional profile drag 𝐶𝑑 𝑝𝑟𝑜 𝑓 along

the span. The same strategy is used to compute the total suction drag coefficient 𝐶𝐷𝑆𝑤 , in fact, it is obtained by the

integration of the sectional suction drag coefficient 𝐶𝑑𝑠 along the span:

𝐶𝐷 𝑝𝑟𝑜 𝑓 =
2
𝑆

∫ 𝑏/2

0
𝐶𝑑 𝑝𝑟𝑜 𝑓 𝑐 𝑑𝑦 (23)

𝐶𝐷𝑤 = 𝐶𝐷 𝑝𝑟𝑜 𝑓 + 𝐶𝐷𝑖 (24)

𝐶𝐷𝑠𝑤 =
2
𝑆

∫ 𝑏/2

0
𝐶𝑑𝑠𝑐 𝑑𝑦 (25)

The total wing drag (Eq.24) is given by the sum of the wing profile drag and the induced one evaluated with AVL in

step 1 (Sec.III.A.1). The term 𝐶𝐷𝑆𝑤 takes into account pressure losses happening from the suction orifices to the

compressor inlet, considering the approximations and methodology explained in Sec.III.A.2. From Eq.25, the power

necessary for the suction system is derived, details are shown in IV.A.

B. Aerodynamic solver: MSES COCO-LILO

The aerodynamic solver responsible for drag evaluation considering BLS is given by the coupling of MSES and

COCO-LILO. MSES is a two-dimensional, steady, compressible Euler solver developed by Drela at MIT [29]. The

Euler equations and the integral boundary layer formulation are solved by applying a global Newton solution scheme.

Viscous drag and wave drag are computed by integrating the momentum defects in the viscous and the inviscid (shock)

wakes of the flow field, respectively. BLS cannot be applied in the official version of MSES, and hence other tools

are needed for its application. In particular, the coupling of a COnical, COmpressible boundary layer solver (COCO)

and a linear stability solver (LILO). The coupling needs as input a prediction of the pressure distribution. COCO

represents a boundary layer solver developed by Schrauf et al. [27]. In particular, the tool incorporates the boundary

layer suction effect. The airfoil pressure distribution from MSES and the suction distribution are given as inputs to

COCO. The boundary layer equation system is numerically solved using the Newton method with a second-order

backward finite difference scheme. The solution yields the velocity and temperature profiles of the boundary layer and

their first and second derivatives with respect to the wall-normal coordinate system. These are inputs for the linear

stability analysis performed by LILO. High accuracy is demanded to COCO outputs because they may substantially
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Table 1 critical N-factors [11].

𝜑𝑙𝑒 [𝑑𝑒𝑔] NLF HLFC
N𝐶𝐹 N𝑇𝑆 N𝐶𝐹 N𝑇𝑆

0 - 11.5 - 9.5
22.5 7 9 6.5 7

influence the linear stability analysis. Predictions from COCO are validated against results from other boundary-layer

codes [38]. The boundary layer solver computes the laminar skin friction drag. LILO predicts the amplification rates

of the disturbance frequencies by means of the linear local stability theory thanks to the solution of the eigenvalue

problem of the Orr-Sommerfeld equation [28]. The tool cannot model the flow effects due to geometry variations and

boundary layer thickness. The developing boundary layer is responsive to external disturbances, which trigger the

growth of TSI and CFI [39]. These waves superimpose the laminar base flow and become unstable at the indifference

Reynolds number. The amplification of these disturbance waves may be modelled by Linear Stability Theory (LST).

The logarithmic amplification factor called N-factor at a streamwise coordinate location x [40] is defined as:

𝑁 = 𝑙𝑛

(
𝑎

𝑎0

)
=

∫ 𝑥

𝑥0

−𝛼𝑖𝑑𝑥 (26)

where 𝑥0 is the position where the disturbance with frequency 𝑓 and amplitude 𝑎0 first becomes unstable. The factor

−𝛼𝑖 is the amplification rate, while the quantity 𝑒𝑛 gives the amplification ratio. The methodology works rather well in

a low-disturbance environment. In the present research, a two N-factor method [41] is used to predict transition due to

TSI and CFI. In fact, the methodology is able to take into account the combined effect of the two forms of instabilities.

In particular, in Fig.4a, the critical curve correlating the two forms of instabilities at a given chord position is found

using an incompressible approach for linear stability analysis. The transition occurs if the computed N-factor envelope

curve, representing the curve tangent to all the N-factor curves at different frequencies, intersects the critical curve

(Fig.4b). Outside the critical curve, the flow is assumed turbulent. Two different critical curves are drawn in Fig.4a: one

represents the N-crit curve for NLF (dashed line), while the other shows the critical curve for HLFC application. The

difference is given to the additional disturbances due to the porous skin. The two critical curves are obtained from

experimental campaigns described in [42]: ATTAS, Fokker100, A320 HLFC VTP.

The chosen critical N-factors (N-crit) for the analysis are presented in Tab.1. The knee point of the critical curve

is chosen as a conservative estimation of the N-crit (Fig. 4a). N-crit of 7 and 9 are chosen for NLF airfoils, while

6.5 and 7 for HLFC application, for CFI and TSI respectively in a swept wing case. In fact, for the unswept case, no

cross-flow instability is considered. Due to the lack of experimentally validated N-factors curve in a compressible

flow, incompressible LST is used in this study. The complete workflow of the aerodynamic solver, from MSES to

COCO-LILO and its drag output, is presented in Fig.5. In particular, free-stream properties are used as input and then
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(a) N-factors correlation using incompressible LST based on flight
test data, adapted from [43] and reported in [11]

(b) Transition prediction through the two N-factor method, adapted
from [30]

Fig. 4 N-factor transition prediction.

converted for 2D sections using Lock equivalence law [35] and a conical transformation as seen in Sec.III. At first,

MSES runs assuming leading-edge transition (full turbulent flow) and (𝑥/𝑐)𝑟𝑒 𝑓 = 0.5, the reference chord position is

then updated considering the estimation of the shock wave position that next is fed back and used for the transformation

between free-stream (3D) and sectional (2D) properties. The pressure distribution obtained by MSES is converted
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in free-stream and given to COCO for boundary layer analysis. Data of temperature and velocity profiles, along with

their derivatives, become input for the linear stability tool LILO which sets the transition point (𝑥/𝑐)𝑡𝑟𝑎𝑛𝑠 as explained

before. Skin friction evaluation comes from the boundary layer solver and represents the necessary laminar friction drag

evaluation component. The loop is iterated until the transition position converges.

Free-stream 
properties

2D conical 
properties

MSES

Cdf turb , Cdp no suc , 
(x/c)sh , Cp2d conical

Cp3d

COCO: 
boundary layer 

calculation

LILO: linear 
stability 
analysis

Temperature, 
velocities profiles, 

derivatives, Cf

NTS - NCF

(x/c)trans

No Yes
Cdf lam , Cdf turb , 

Cdp

(x/c)ref = (x/c)sh

(x/c)trans 
convergence

Fig. 5 MSES-COCO-LILO workflow.

Besides, the coupling COCO-LILO receives as input the effective sweep angle 𝜑𝑒 𝑓 𝑓 and the attachment-line-
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momentum-thickness Reynolds number 𝑅𝑒\,𝐴𝐿 , used for the attachment-line transition criterion formulated by Pfenniger

[44, 45]. In particular, considering a segment (as defined in Sec.III.A.2), 𝜑𝑒 𝑓 𝑓 = 𝜑𝑙𝑒 + Δ𝜑𝑒 𝑓 𝑓 , where Δ𝜑𝑒 𝑓 𝑓 is defined

by Streit et al. [46] as:

Δ𝜑𝑒 𝑓 𝑓 =
𝑡𝑠𝑡𝑎𝑟𝑡 − 𝑡𝑒𝑛𝑑

2𝑠𝑠𝑒𝑔
(27)

in which, 𝑡𝑠𝑡𝑎𝑟𝑡 and 𝑡𝑒𝑛𝑑 represent the absolute thickness of the limiting sections of the selected segment. In the example

shown in Fig.2, the sections in the first segment present as "start" thickness, the root thickness, while as "end" thickness,

the thickness of the section at the kink. For the second segment, the two values are assigned to kink thickness and

tip thickness, respectively. The parameter 𝑠𝑠𝑒𝑔 represents the spanwise dimension of the segment. The final output,

consisting of drag, is decomposed into different components. The turbulent skin friction drag and the pressure drag are

computed from MSES. MSES has no suction boundary condition and hence cannot model the effect of BLS (see the

beginning of Sec.III.B). The laminar skin friction drag is computed from the higher fidelity boundary layer solver COCO.

In fact, the boundary layer solver calculates only the laminar boundary layer and terminates at the flow separation point.

The flow is assumed to transition at the separation point if the 𝑁𝑐𝑟𝑖𝑡 is not reached yet to avoid a laminar separation

bubble. Boundary layer suction lowers the form drag due to the local thinning of the boundary layer [10], but considering

that the developing boundary layer is thin near the leading edge under suction, the effect is assumed limited and then

neglected. Finally, pressure drag coming from MSES is approximated as equal to the airfoil with no suction applied as a

conservative estimation.

Total profile drag is:

𝐶𝑑𝑝𝑟𝑜 𝑓 𝑖𝑙𝑒 = 𝐶𝑑 𝑓𝑙𝑎𝑚𝑖𝑛𝑎𝑟 (𝐶𝑂𝐶𝑂)
+ 𝐶𝑑 𝑓𝑡𝑢𝑟𝑏 (𝑀𝑆𝐸𝑆)

+ 𝐶𝑑𝑝𝑛𝑜−𝑠𝑢𝑐𝑡𝑖𝑜𝑛(𝑀𝑆𝐸𝑆)
(28)

C. Validation

The validation process of tools that simulates the application of novel technologies may be challenging, especially

due to the lack of databases like experimental tests or high fidelity analysis. The Q3D-HLFC validation can be divided

into four steps.

The first step is represented by the validation of the Q3D strategy characterized by the analysis of 2D sections and

their transformation to obtain 3d parameters of the wing. In particular, the standard Q3D characterized by a 2.5D

analysis with a half-chord sweep line for transonic regime application is studied for turbulent application by Elham et al.

[31] and shown in Fig.6. In Fig.6a, the drag coefficient is evaluated as a function of the Mach number, while in Fig.6b

the 𝐶𝐷 is evaluated with respect to the lift coefficient, wing-data of the Fokker 100 (full turbulent) are used. Besides,

results obtained in Q3D are compared with the higher fidelity CFD tool output: MATRICS-V code [47]. The tool is

based on fully conservative full potential outer flow in quasi-simultaneous interaction with an integral boundary layer
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method on the wing. The code uses a far-field analysis method for drag prediction in transonic regime [48]. A good

match is overall established, especially until 𝑀 = 0.8 and 𝐶𝐿 = 0.5. For higher values, in fact, instabilities start playing

a more remarkable role and make this kind of approach less suitable. Besides, some differences may be generated by

some limitations given by AVL in the lift distribution calculation and due to its Prandtl-Glauert compressibility model.

(a) Drag at different Mach and 𝐶𝐿 , [31]

(b) Friction, pressure, and induced drag for the Fokker 100 wing in
cruise condition, [31]

Fig. 6 Standard Q3D validation for transonic application, from [31].

Step 2) consists of validating the improvement and modification of the original Q3D given by the conical

transformation and using the calculated shock-wave line as reference local sweep angle. The choice of using a conical

transformation approach with variable shock-wave position, including attachment line and cross flow instabilities

consideration (2.75𝐷) is mainly given by the results presented by Streit et al. [32] and presented in Fig.7, for a backward-

swept wing and natural laminar flow application. The 2.5D and 2.75D cases well approximate the pressure distribution

from the 3D case. However, the raising of cross-flow instabilities is better captured by a conical transformation rather
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than a 2.5D approach. In the cited article, note that this approach is suitable for an "infinite swept" wing, such that it

does not capture the taper ratio effect of the wing. In the standard Q3D proposed by Elham et al. [31], this effect is

essentially captured by 2D drag analysis for sections obtained normal to the sweep-line at a fixed percentage of the

chord. Hence, the variation of the local sweep angle obtained from root to tip introduces the taper-ratio effect of the

wing. The modified Q3D-HLFC presents the same correction but for a more accurate 2D analysis, considering a conical

transformation of the airfoils and a calculated shock-wave line for the necessary reference sweep angles used in the

transformation to 3d wing parameters. Besides, the instabilities presented in II are properly assessed with a 2.75D

approach.

Fig. 7 Comparison between 2·5D, 2·75D and 3D upper side parameters for a wing section at the same lift for a
NLF-BSW wing design by Streit et al. [32].

The third step presents a comparative analysis between the transition prediction and consequent drag evaluation of

the coupled MSES COCO-LILO with respect to literature data. The use of linear stability theory is well-proofed and

implemented in DLR research like in [38, 49], a test-case with validation including a conical transformation approach

and the coupling of MSES and COCO-LILO is reported in [30]. In Fig.8, transition prediction, including CFI effect, is

validated against experimental data from Dagenhart et al. [50]. In particular, an infinitely swept wing at 45 deg and
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an angle of attack of 4 deg, using as airfoil section the NLF(2)0415 [11]. The analysis is performed considering the

1.5 2 2.5 3 3.5 4

10
6

0.2

0.4

0.6

0.8
Experimental data

MSES - LST

Fig. 8 MSES with LST validation for transition position with respect to Dagenhart et al. [50], taken from [11]

upper surface, experimental data are obtained using Naphthalene visualization for different Reynolds number. CFI

become dominant for higher Reynolds number and predicted transition positions are within the uncertainty in the

experiments. Figure 9 shows the lift coefficient with respect to the angle of attack and a drag polar analysis characterized

by experimental data points compared with computational data [11]. Computations are obtained using MSES coupled

with COCO-LILO and the default transition prediction method using Drela’s envelope method available in MSES. The

plots show a good agreement until 10 deg of the angle of attack, approximately at 1.6 as lift coefficient.
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Fig. 9 MSES with LST validation of polar analysis with respect to Somers et al.[51]: NLF 0416 at 𝑀∞= 0.4,
𝑅𝑒𝑐 = 6 · 106, taken from [11].

The last point shows that the use of a 2.5D analysis, exploiting its less computational time, results in a good approach

to initialize the optimization. A reference backward-swept wing is tested for a 2.5D and 2.75D analysis, and its pressure

coefficient distribution is shown in Fig.10, for different sections, from root to tip. Wing drag presents a difference of 4.5
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drag counts between the two analyses. The 𝐶𝑝 has overall a good match. The exact sweep angle of the shock wave line

(2.75D) is lower than the sweep angle obtained with the mid-chord sweep line (2.5D), causing a slight augmentation of

the effective Mach number and hence drag but without severely affecting the pressure distribution. This shows that the

use of a 2.5D methodology results in an acceptable optimization initializer.
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Fig. 10 Reference wing 𝐶𝑝 distribution for 2.5D and 2.75D analysis.

IV. Wing aerostructural Multidisciplinary Design Optimization
The Multidisciplinary Design Optimization (MDO) framework consists of different modules: aerodynamic module,

structural module, performance evaluation, and boundary layer suction system analysis. A global gradient-free

optimization is performed using a genetic algorithm in Matlab. The use of a gradient-based optimization is discouraged,

considering the difficulties in the proper computation of variable derivatives and possible convergence issues in the

aerodynamic routine. The mutation scheme is the ‘mutation adapt feasible’, considered as suitable in case of bounds.

It randomly generates directions that are adaptive with respect to the last successful or unsuccessful generation. The

mutation chooses a direction and a step length that satisfies bounds and constraints. A default crossover fraction of 0.8

is used. The optimization problem can be written as follows:

Minimize 𝑊 𝑓 𝑢𝑒𝑙 𝑠
(𝑋)

w.r.t. 𝑋 = [𝑐𝑠𝑡𝑟 𝑐𝑠𝑡𝑘 𝑐𝑠𝑡𝑡 𝑏 𝜑𝑙𝑒 𝑐𝑟 _ 𝑐𝑘 𝜖𝑟 𝜖𝑘 𝜖𝑡 ] (29)

subject to
(
𝑀𝑇𝑂𝑊

𝑆𝑤

)
≤

(
𝑀𝑇𝑂𝑊

𝑆𝑤

)
𝑟𝑒 𝑓

𝑋𝑙𝑜𝑤𝑒𝑟 ≤ 𝑋 ≤ 𝑋𝑢𝑝𝑝𝑒𝑟
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The fitness function is characterized by fuel weight minimization. The first three groups of design variables represent an

evolved version of the Class Shape Transform (CST) [52] method originally proposed by Kulfan [53]. They are used to

define airfoil shape for the root, kink and tip sections. The modified version used Genetic Programming to fit better the

shape of transonic airfoils that exhibit prominent rear loading [52], which is chosen for the current research. The wing

geometry is defined by the span 𝑏, leading edge sweep angle 𝜑𝑙𝑒, chord at root and kink, taper ratio _, and the three

sections twist angle 𝜖 . Each airfoil shape is defined through 14 design variables (7 for the upper surface and 7 for the

lower one) and considering the other geometrical variables, a total of 50 design variables characterize the optimization

problem. The optimization uses as reference a backward-swept wing designed in the SE2A [20], adapted for the flight

conditions found suitable for BLS application that is under investigation in this work. The airfoils are designed through

an aerodynamic optimization similar to what was performed in [11] and substituted to the initial design in order to help

the MDO with a proper starting point. The initial population is given by a data set of transonic and standard airfoils,

while the geometrical parameters are built thanks to a Latin Hypercube sample matrix, using as boundaries a 25% of

margin with respect to the reference. The problem can be split to ease the MDO computational time without affecting

the probability of obtaining the optimum. In particular, an initial reduced optimization can be performed, scaling the

reference airfoil shapes and reducing the 42 design variables used for root, kink and tip to just 3. In this case, a total of

11 variables are used. Besides, a 2.5D approach considering the reference sweep angle at 50% of the chord can be used,

reducing the computational time needed to update the variables due to the calculation of shock-wave position inside the

COCO-LILO loop for transition determination (see Sec.III.B). In fact, as seen in Sec.III, the computational time may be

reduced, keeping an acceptable level of accuracy. Two different reduced optimizations are performed with a population

of 60 individuals for 100 generations. The optimized results will be part of the initial population of 3 optimizations

with all 50 design variables with the same number of individuals and generations. One last optimization is performed

using a 2.75D conical approach with the update of 𝜑𝑟𝑒 𝑓 depending on the shock-wave location. The optimization is

initialized with the results of previous optimizations while using the airfoils data set and Latin Hypercube sampling

for the rest of the design variables and reducing the lower bound to 90%. In fact, all the results of the previous initial

optimizations show that the optimizer points towards a slight augmentation of the span and leading edge sweep angle

and little reduction of the chord root. Minimal variation of the twist is expected. The optimization proposed is a

wing-optimization during cruise condition, but it is important to take into account also the other flight segments and

conditions. The only constraint used is given by the wing loading smaller or equal to that of the reference aircraft to

ensure performance at take-off and landing, taking into account the effect of wing loading on the stall speed:

(
𝑀𝑇𝑂𝑊

𝑆𝑤

)
≤

(
𝑀𝑇𝑂𝑊

𝑆𝑤

)
𝑟𝑒 𝑓

(30)

The constraint is implemented as a penalty on the fitness function, using a Heaviside function as shown in [12].
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This strategy simplifies the analysis, avoiding the decrement of performance and potential errors that may arise during

optimization when using a genetic algorithm in the presence of non-linear constraints. Some design considerations are

checked at the end of the optimization. These are not defined as constraints; in fact, their presence would increment the

computational effort, and this is not justified considering that preliminary results have suggested a low probability of

their violation. They are:

𝐴𝑅 ≥ 8 (31)

𝑉 𝑓 𝑟𝑒𝑞
≤ 𝑉 𝑓 𝑎𝑣

(32)

𝑐𝑡 ≥ 1.3𝑚 (33)

𝑇

𝑊
≥

(
𝑇

𝑊

)
𝑟𝑒 𝑓

(34)

The aspect ratio (AR) needs to be higher than a certain value (Eq.31) to guarantee climb performance. The condition

is undoubtedly satisfied within the optimization thanks to the initial higher value. Besides, the fuel volume required

has to be lower or equal to the available one, to be sure there is enough space to store fuel. Considering the tendency

of the optimizer to increment the AR and the objective of fuel weight minimization, the design consideration should

be satisfied. A chord tip smaller than 1.3 m is not feasible, but the condition is satisfied thanks to a lower bound of

the taper ratio set at 0.255. The final condition is given by the thrust-to-weight ratio; a lower value could violate the

constraint diagram defined for the reference aircraft at the preliminary-low-fidelity design phase. This is the most

sensitive condition after the wing loading because, during the optimization, it is possible to achieve an increment of the

maximum take-off weight (MTOW) even if a reduced fuel weight. In fact, this is highly dependent on the optimization

strategy and design variables. In [22], a decrement of MTOW is reported for a reduced𝑊 𝑓 but using a higher number

of design variables, including the possibility of sizing the wing box panels through an aeroelastic approach. This is

not possible in this framework, so an increment of MTOW is still possible. On the other hand, an increment in 𝐿/𝐷

and a reduction of drag suggest the possibility of being in a safe zone without violating the constraint. Besides, its

implementation during the optimization is complex, considering the necessity of computing stall speed and parameters

at take-off configuration, making the authors prefer a post-optimization check. More details are shown in Sec.V. The

optimization framework can be graphically represented using the eXtended Design Structure Matrix (XDSM) [54]

in Fig.11. The MDO starts with the aerodynamic tool Q3D used in inviscid mode (no profile drag calculation) to

compute the distribution of the lift and the loads necessary for EMWET [55] to calculate the wing weight considering

the maximum load factor 𝑛𝑚𝑎𝑥 = 2 due to load alleviation. In this phase, no drag is necessary; hence, the tool is run in

inviscid mode to save considerable computational time. Then, the Q3D-HLFC is run in full viscous mode for cruise

condition (𝑛𝑚𝑎𝑥 = 1), obtaining lift and drag coefficients that become the input of the performance module to determine

fuel weight. The boundary layer suction analysis routine receives suction drag and wing suction power parameters.
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Fig. 11 XDSM for wing optimization.

It has as output all the suction power of the aircraft, and consequently, the battery is sized for the necessary power

(𝑊𝑏𝑎𝑡𝑡𝑒𝑟 𝑦−𝑝𝑜𝑤𝑒𝑟 ) and the mass of suction system𝑊𝑠𝑢𝑐−𝑠𝑦𝑠𝑡𝑒𝑚 is computed. All the weights are summed together with

the fixed mass of the rest of the aircraft that is not changing during the wing optimization:

𝑀𝑇𝑂𝑊 = 𝑊𝑤 +𝑊 𝑓 +𝑊𝑏𝑎𝑡𝑡𝑒𝑟 𝑦−𝑝𝑜𝑤𝑒𝑟 +𝑊𝑠𝑢𝑐−𝑠𝑦𝑠𝑡𝑒𝑚 +𝑊𝑟𝑒𝑠𝑡 (35)

The iteration between the modules is stopped when a tolerance of 5𝑒 − 4 is satisfied for each weight component,

except for the MTOW, which is set to have a maximum 50 kg variation as the difference with respect to the previous

iteration. To summarize, an initial aerodynamic airfoil optimization is performed to obtain proper airfoils optimized for

minimum drag and suction power. These are then used for a reduced aerostructural optimization, in which airfoils can be

scaled without changing their shapes. The optimized vector initializes three full aerostructural optimizations (including

airfoil CSTs as design variables), in which the Q3D-HLFC runs using the 2.5D approach. Finally, an aerostructural

optimization in 2.75D mode is performed. The total computational time for such optimization is 240 hr using a 60-core

Intel® Xeon(R) Gold 6252 CPU @ 2.10GHz. Generally, after 30 generations are analyzed, the optimization starts

stalling, meaning not obtaining better solutions.

A. Aerodynamic module

The aerodynamic module consists of the use of Q3D-HLFC for lift and drag parameters. In particular, it may

be launched in two different modes: inviscid and viscous. The first one is used when coupled with the structural
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module (EMWET), and it is necessary to have just aerodynamic loads for maximum load factor without requiring drag

calculation. The viscous mode is necessary for drag parameters, at cruise condition, and all the variables related to

suction. In particular, Sudhi et al. [10] defined the equations representing the power of the suction system. A 2D suction

distribution is given as input to the module, obtained from an airfoil shape optimization performed similarly to Sudhi

et al. [11], to avoid the use of an excess number of design variables and speed up the MDO. Once the distribution is

obtained, it can be scaled by a coefficient. An automatic procedure, as function of the lift coefficient, could be adopted

for subsonic cases, scaling the suction with a factor 𝐶𝑙
−1/2 [56]. In this research, manual computations have shown that

the procedure increases power absorption without any aerodynamic benefit, and hence the parameter has been tuned to

1.2. As an example, in Tab.2, the optimized wing configuration of this research is run, at 𝐶𝐿=0.36, for different scale

coefficients, showing a minor variation of drag and keeping the power acceptably low. More details about the power are

discussed in Sec.V.

Table 2 Suction scale parameter effect.

Suction scale parameter Profile drag Suction power [kW]
1.0 0.0040 82.15
1.2 0.00396 101.95
1.4 0.00407 117.57
1.6 0.00411 134.37

The suction system is represented schematically in Fig.12. The system is characterized by porous skin, plenum

Porous skin

C
Transfer duct Exhaust duct

Plenum chambers

Rib

Fig. 12 Suction system scheme.

chambers and ducts connected to a compressor that will drive the system. The pump needs to restore the total head of

the sucked air to that of the free stream by discharging it at a velocity equal to free-stream velocity. As an assumption,

discharge velocity is considered equal to the free-stream velocity to eliminate sink drag:

𝑃𝑝𝑢𝑚𝑝 =
1
[𝑠𝑝

∫
(𝑝0 − 𝑝0𝑖𝑛 )𝑣0 𝑑𝑠 (36)
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where [𝑠𝑝 is the efficiency of the suction pump, 𝑣0 represents the local suction velocity, while 𝑝0 and 𝑝0𝑖𝑛 are the

free-stream and inlet total pressure. A suction drag coefficient can be defined as:

𝐶𝑑𝑠 =
[𝑝𝑟𝑜𝑝𝑃𝑝𝑢𝑚𝑝

1
2 𝜌𝑈

3
∞𝑐

(37)

In particular, [𝑝𝑟𝑜𝑝 is the propulsive efficiency of the aircraft while 𝑐 is the chord length. For simplicity, the two

efficiencies are considered equal, [𝑠𝑝 = [𝑝𝑟𝑜𝑝 . Hence,

𝐶𝑑𝑠 =

∫ (𝑝0 − 𝑝0𝑖𝑛 )
1
2 𝜌𝑈

2
∞

𝑣0
𝑈∞

𝑑

( 𝑠
𝑐

)
(38)

𝐶𝑑𝑠 =

∫ (
(𝑝0 − 𝑝0𝑒 )

1
2 𝜌𝑈

2
∞

+
(𝑝𝑒 − 𝑝0𝑖𝑛 )

1
2 𝜌𝑈

2
∞

)
𝑣0
𝑈∞

𝑑

( 𝑠
𝑐

)
(39)

where 𝑝0𝑒 is the total pressure at the edge of the boundary layer. In the ideal case of no pressure losses for example in

the absence of porous skin and ducts, 𝑝0𝑖𝑛=𝑝0𝑒 . By applying the Bernoulli equation between free-stream and boundary

layer: 𝑝0 = 𝑝𝑒 + 1
2 𝜌𝑈

2
𝑒 . Defining 𝐶𝑝 as the pressure coefficient in the sucked region, 𝑣0 as local suction velocity and

𝑈∞ as the free-stream velocity, 𝑠/𝑐 represents the adimensional suction length. Finally:

𝐶𝑑𝑠 =

∫ (
(1 − 𝐶𝑝) +

(𝑝𝑒 − 𝑝0𝑖𝑛 )
1
2 𝜌𝑈

2
∞

)
𝑣0
𝑈∞

𝑑

( 𝑠
𝑐

)
(40)

Equation 40 takes into account the pressure loss of the components represented in Fig.12. Power characteristics are

subjected to different uncertainties, which are challenging to be completely considered. A way could be to consider the

experimental activities performed in the DLR for the A320 fin [57]. In particular, the surface and duct distribution

pressure reported may represent a reasonable estimation of the difference in pressure achieved at the compressor inlet.

Hence, the same pressure loss can be adopted during wing optimization. Alternatively, an acceptable estimation is to

consider a 30% increment of the ideal suction drag, especially for components like fuselage and tail not subjected to

optimization and so variation of parameters expressed in Eq.40. As seen in Sec.III.A, the wing suction drag coefficient

is obtained by proper integration of the sectional coefficient along the span:

𝐶𝐷𝑠𝑤 =
2
𝑆

∫ 𝑏/2

0
𝐶𝑑𝑠𝑐 𝑑𝑦 (41)

The required total wing suction power is:

𝑃𝑤 =
1
2
𝜌𝑉3𝑆𝐶𝐷𝑠𝑤𝑘𝑎𝑐𝑡𝑢𝑎𝑙 (42)
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where 𝑘𝑎𝑐𝑡𝑢𝑎𝑙 = 1.3 is applied to consider the efficiencies of compressor and electric components. The compressor

efficiency is selected as 80%. The electric efficiencies used in literature for similar applications are selected between

95% and 99% in [58, 59], while in [60], these are between 95% and 98%. Hence, for this research, a global value of

96% is chosen. The efficiencies represent conservative values considering nowadays the fast-technological advancement,

especially of electric components, pushed by the automotive field.

B. Structural module

The aircraft wing weight is estimated using the EMWET tool [55]. EMWET is a tool for wing weight estimation, in

which the wing is decomposed into two parts: primary and secondary structure. The primary structure group is further

decomposed into the so-called optimum and non-optimum structure weight contributions. The former contributions

include the spar webs and the upper and lower equivalent panels of the wing box, whose weight is determined analytically,

evaluating the amount of material required to carry the critical loads. The latter contributions include weight penalty

items such as joints, attachments, cutouts, etc. These, together with the secondary weight contributions, such as fixed

leading and trailing edges, high lift devices, and movables, are determined using empirical methods. EMWET is

developed for conventional-metal wings and is calibrated using conventional transport aircraft with metal structures,

hence the final wing weight is ‘corrected’ with a coefficient that so reduces the total wing weight computed before.

In particular, the effects of structure layout and novel materials are assumed to reduce the empty weight by 20%.

EMWET computes the primary structure weight using the aerodynamic loads obtained by the Q3D-HLFC during

Step 1 (Sec.III.A.1). AVL is used to determine the lift distribution and pitching moment distribution. In this way, the

Q3D-HLFC can run without drag computation, exploiting the high speed of the VLM computation without launching

the tool in drag mode twice inside the loop between the aerodynamic-structural module shown in Fig.11. The local

pitching moment coefficient is calculated at the quarter chord line at each strip. It includes the moment due to the

wing sweep and the moment due to the airfoils camber. As explained in the previous sections, aerodynamic loads are

determined considering a maximum load factor of 2 (Q3D-HLFC has 𝑛 = 1 for wing-optimization) because of the use

of load alleviation. In fact, the technology is thought to design structures with lower 𝑛𝑚𝑎𝑥 thanks to the reduction of

bending moments. Hence, the research is characterized by a lower value from the limit load factor of 2.5 obtained

using CS 25.337 [61]. The use of a lower maximum-load factor to take into account the effect of the technology in

reducing weights during the optimization is justified considering that different studies have been done using these

assumptions to model the load alleviation effect like in [62, 63]. Moreover, these values assume that load alleviation

can counter gust and maneuver loads by at least 20%, while flight safety, in the event of failure for the load alleviation

system, is considered by assuming safety factors similar to conventional aircraft [20]. Wing box components like skin,

stringers and spars caps are modelled using just one upper and one lower equivalent panel. Front and rear spars webs

are modelled using vertical panels (Fig.13). The upper and lower panels are sized to withstand the bending moments,
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Fig. 13 Wing box [55].

whereas the spar webs are sized based on shear loads. Rib pitch is a parameter used to size the upper equivalent panels,

but ribs weight contribution is estimated through an empirical method. The front and rear spars are located at 20% and

70% of the local chord.

The methodology was demonstrated to have an average error in the order of 2% [55]. More details about EMWET

are presented in [55].

C. Suction system module

The routine is implemented to compute the extra mass necessary to carry on board because of the use of the boundary

layer suction system, this includes the battery designed for supplying the BLS power computed in the aerodynamic

module (see Sec.IV.A) and the weight of the suction system itself, made of compressors, electric components, wiring as

an example.

1. Battery sizing

The battery, which provides energy for the suction, is sized considering the total actual power for wing suction plus

the rest part of the aircraft, like the horizontal-vertical tail and the fuselage. The horizontal and vertical tail power is

computed considering manually the 𝐶𝐷𝑠 and then considering a 30% increment for pressure loss for porous skin and

ducts and another 30% for compressor and electric component efficiencies. The suction drag coefficient of the fuselage

is found thanks to data published in Beck et al. [9], analogous efficiencies are used for the fuselage. The battery weight

is given by:

𝑊𝑏𝑝𝑜𝑤𝑒𝑟 =
(𝑃𝑤 + 𝑃𝑟𝑒𝑠𝑡 ) · ℎ𝑟

𝐸∗ (43)
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where 𝑃𝑤 is the actual wing power while 𝑃𝑟𝑒𝑠𝑡 is given by the sum of the actual powers from the horizontal-vertical tail

and the fuselage. The parameter ℎ𝑟 represents the number of hours for potential application of the BLS, it is calculated

considering the design cruise Mach number 0.78 and the Top-Level Requirement (TLR) range of 4604 km. The specific

energy density 𝐸∗ is selected as 700 Wh/kg as described in [20] where the reference SE2A aircraft is studied (the reader

should be advised that in the present work, data are updated for higher speed case).

2. Suction system weight

The weight of the suction system is computed as the sum of the horizontal-vertical tail suction system plus the wing

suction weight and then the fuselage contribution, also considering the weight increment for the skin thickness. Karpuk

et al. [20] use a fraction of Operating Empty Weight (OEW) to define the total weight due for the vertical and horizontal

tail suction system conservatively. In particular, the values are obtained from [64, 65]. Hence:

𝑊𝐵𝐿𝑆𝑉𝑇 = 16%𝑂𝐸𝑊 (44)

𝑊𝐵𝐿𝑆𝐻𝑇 = 11%𝑂𝐸𝑊 (45)

The wing suction system weight is computed proportionally starting from the value of the vertical tail.

𝑊𝐵𝐿𝑆𝑊 =
𝑆𝑤𝑒𝑡𝑡𝑒𝑑𝑤 · 𝐾𝑠𝑢𝑐𝑐−𝑤 · 𝐾𝑠𝑢𝑐𝑠−𝑤 ·𝑊𝐵𝐿𝑆𝑉𝑇

𝑆𝑤𝑒𝑡𝑡𝑒𝑑𝑣𝑡 · 𝐾𝑠𝑢𝑐𝑐−𝑣𝑡 · 𝐾𝑠𝑢𝑐𝑠−𝑣𝑡
(46)

where 𝑆𝑤𝑒𝑡𝑡𝑒𝑑 represents the wetted area, computed manually using CAD software for the vertical and horizontal tail

(the optimization does not involve tail variation), while for the wing, the methodology described in Raymer [66] is used:

𝑆𝑤𝑒𝑡𝑡𝑒𝑑𝑤 =
𝑆𝑒𝑥𝑝𝑤

𝑐𝑜𝑠(Γ) ·
(
1.977 + 0.52 · 1

2

(
𝑡

𝑐 |𝑟𝑜𝑜𝑡
− 𝑡

𝑐 |𝑡𝑖 𝑝

))
(47)

Γ represents the dihedral angle, while the thickness-to-chord ratio is referred to the free-stream sections at the root

and tip. The parameter 𝑆𝑒𝑥𝑝𝑤 is the exposed wing area, given by the difference between the wing area and the portion

related to the fuselage. This contribution could be approximated as the product between the chord root and the estimated

segment of the fuselage, normal to the longitudinal axis, in which the wing attachment is located. The coefficients

𝐾𝑠𝑢𝑐𝑐 and 𝐾𝑠𝑢𝑐𝑠 represent the portion of suction interested in the surface chordwise and spanwise, respectively. They

are referred for the wing (subscript "w") and vertical tail (subscript "vt"), they are 20% and 75% in this research.

The fuselage BLS system weight is characterized by two contributes, one given again by scaling the weight from the

wing for the BLS system itself, and the other by the skin thickness that needs to be incremented for the fuselage with
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respect to the other aircraft components. The first component is found applying a modified version from [20]:

𝑊𝐵𝐿𝑆 𝑓 𝑢𝑠 = 𝐾 𝑓

𝑆𝑤𝑒𝑡𝑡𝑒𝑑 𝑓 𝑢𝑠 · 𝐾𝑠𝑢𝑐 𝑓 𝑢𝑠

𝑆𝑤𝑒𝑡𝑡𝑒𝑑𝑤 · 𝐾𝑠𝑢𝑐𝑠−𝑤
·𝑊𝐵𝐿𝑆𝑊 (48)

in which the coefficient 𝐾 𝑓 represents the ratio of the actual suction drag coefficient of the fuselage and the mean

actual wing suction drag coefficient applied to the suction area. Considering the definition of suction drag coefficient

(𝐶𝐷𝑠 ) explained in Sec.IV.A, the coefficient is already taking into account the limited chordwise application of suction.

Hence the only parameters limiting the suction spanwise are applied: 𝐾𝑠𝑢𝑐𝑠−𝑤 for the wing and 𝐾𝑠𝑢𝑐 𝑓 𝑢𝑠 for the fuselage,

considering the presence of small regions in which suction is not applied (as windows). This last parameter is set as

95% while the first, again, 75%. The wetted fuselage area is found by CAD tools, it represents the whole fuselage

surface, in fact, the limitation related to the suction region is chordwise applied through the coefficient 𝐾 𝑓 and with the

parameter 𝐾𝑠𝑢𝑐 𝑓 𝑢𝑠 as explained before. An additional mass estimation must be provided to estimate the potential mass

penalty of the fuselage suction skin. The fuselage must have two shells: the porous shell, responsible for the boundary

layer suction, and the structural shell, which carries loads and covers the cabin. The fuselage suction layer implies an

increment of skin fuselage thickness and hence weight. In particular, from [20]:

𝑊𝐵𝐿𝑆𝑠𝑘𝑖𝑛− 𝑓 𝑢𝑠 = 15% 𝑡𝑠𝑘𝑖𝑛− 𝑓 𝑢𝑠 𝜌𝑚𝑎𝑡 𝜋 𝐷 𝑓 𝑢𝑠 𝐿 𝑓 𝑢𝑠 (49)

where 𝑡𝑠𝑘𝑖𝑛− 𝑓 𝑢𝑠 ([20]):

𝑡𝑠𝑘𝑖𝑛− 𝑓 𝑢𝑠 = 3.2468 · 10−8 ·𝑊 𝑓 𝑢𝑠 + 7.5938 · 10−4 (50)

The coefficient 15% in Eq.49 represents the skin-mass gain and represents the fraction of thickness of the porous shell

with respect to the structural one, 𝜌𝑚𝑎𝑡 is the density of the metallic fuselage, while 𝐷 𝑓 𝑢𝑠 and 𝐿 𝑓 𝑢𝑠 are the diameter

and length of the fuselage. Finally, the total weight increment for the BLS system in the fuselage:

𝑊𝐵𝐿𝑆 𝑓 𝑢𝑠−𝑡𝑜𝑡 = 𝑊𝐵𝐿𝑆 𝑓 𝑢𝑠 +𝑊𝐵𝐿𝑆𝑠𝑘𝑖𝑛− 𝑓 𝑢𝑠 (51)

D. Performance module

The module computes the fuel weight for the designed mission and an extra 5% for reserve. The methodology used

is proposed by Roskam [67]. In particular:

𝑊 𝑓 = 1.05(1 − 𝑀 𝑓 𝑓 )𝑀𝑇𝑂𝑊 (52)
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𝑀 𝑓 𝑓 is defined as the total fuel weight fraction. It represents the ratio between the total aircraft weight at the end of the

flight mission and the total aircraft weight at its start. The fraction is determined from the Brequet equation for cruise

mission and with the correction of a coefficient 0.9386 for the other segments of flight:

𝑀 𝑓 𝑓 = 0.9386 · 𝑒
( −𝐾 𝑓 𝑓
𝐿/𝐷

)
(53)

The coefficient 𝐾 𝑓 𝑓 is related mainly to engine characteristics of fuel consumption. It can be empirically found reversing

Eq.52 and Eq.53 using data from the reference aircraft. The aerodynamic efficiency 𝐿/𝐷 is calculated considering the

output from the aerodynamic module and considering that the total drag is defined as 𝐷 = 𝐷𝑤𝑖𝑛𝑔 + 𝐷𝑟𝑒𝑠𝑡 with 𝐷𝑟𝑒𝑠𝑡

fixed from the reference configuration, in fact, the optimization is involving the wing only.

V. Results
The reference aircraft consists of a swept-back wing for mid-range application, designed in the SE2A Cluster and

presented in [20] but modified for high-speed research. Top-level requirements are shown in Tab.3. Optimizations

described in Sec.IV result in the data presented in Tab.4.

Table 3 Reference BWD SE2A aircraft.

Parameter Value Units
Cruise mach number 0.78
Design cruise Altitude 10600 m
Maximum payload 19650 kg
Total range 4604 km
Ground take-off distance 1604 m

Table 4 Wing geometry data.

b, m 𝜑𝐿𝐸 , 𝑑𝑒𝑔 C𝑟 , 𝑚 C𝑘𝑖𝑛𝑘 , 𝑚 taper ratio 𝜖𝑟 , 𝑑𝑒𝑔 𝜖𝑘 , 𝑑𝑒𝑔 𝜖𝑡 , 𝑑𝑒𝑔

Reference 43.4 16.0 6.4 4.3 0.26 2 1 -1
Optimized 45.0 19.0 6.0 4.4 0.26 1.96 1.25 -0.10

In particular, the optimized configuration results in an increased span to reduce induced drag and an increment

of leading-edge sweep angle to lower the wave drag component (Fig.14). Hence, the wing presents an increment of

aspect-ratio 𝐴𝑅 for a better aerodynamic efficiency that reduces drag and fuel burnt (see Eq.53). Besides, Fig.14 shows

a low variation between the optimized wing and the same wing without the geometrical kink. In fact, the "yehudi"

represents essentially a necessity to place the main landing gear without really giving aerodynamic benefits. Structural

advantages are reached considering a higher root chord helping to sustain loads in an area with high stress. Twist angles

present a limited variation from the reference values, they are not subjected to aeroelastic coupling. Compared to the
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Fig. 14 Reference and optimized wing geometry.

reference one, details about the parameters and weights of the optimized wing are presented in Tab.5. In detail, Tab.5

Table 5 Optimization results.

Reference Optimized
AR 11.86 12.37
CL𝑐𝑟𝑢𝑖𝑠𝑒 0.3603 0.3540
CL/CD 22.0 25.6
C𝐷𝑤𝑖𝑛𝑔 0.00905 0.00673
Δ𝐶𝐷𝑤𝑖𝑛𝑔 -25.6%
C𝐷𝑎𝑖𝑟𝑐𝑟𝑎 𝑓 𝑡 0.01638 0.01383
Δ𝐶𝐷𝑎𝑖𝑟𝑐𝑟𝑎 𝑓 𝑡 -15.6%
P𝑠𝑢𝑐𝑤𝑖𝑛𝑔 84.7 kW 103.6 kW
P𝑠𝑢𝑐𝑟𝑒𝑠𝑡 149.3 kW 149.3 kW
W𝑤 5851 kg 6795 kg
W𝑏𝑝𝑜𝑤𝑒𝑟 1846 kg 1995 kg
W𝐵𝐿𝑆𝑡𝑜𝑡 711 kg 736 kg
MTOW 64187 kg 64799 kg
W 𝑓 8391 kg 7885 kg
Δ𝑊 𝑓 -6.0%

shows the reduction of the cruise lift coefficient (𝐶𝐿𝑐𝑟𝑢𝑖𝑠𝑒) for the optimized configuration. In fact, the maximum

take-off weight slightly increases, but this increment is well compensated by the increment in size and so the surface of

the wing, leading to a reduction of the lift coefficient. Higher wing weight (𝑊𝑤) is also expected due to the incremented

dimension of the wing. The 𝐶𝐿/𝐶𝐷 is subjected to an improvement of about 16.4% thanks to the lower aircraft drag

coefficient (𝐶𝐷𝑎𝑖𝑟𝑐𝑟𝑎 𝑓 𝑡 ), reduced by 15.6% from reference. A sensitivity study showing the effect of different wing

geometrical parameters on the weights and performance is shown in Fig.15. All the data are obtained from the optimized

configuration and resizing it for different variables: span, leading edge sweep angle and maximum thickness-to-chord
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ratio. In particular, each variable is modified, incrementing or decrementing its value and then resizing the aircraft to

obtain the main weights and performance parameters. The purpose is to point out that the optimized wing reduces fuel

weight thanks to all the trade-offs between disciplines. In Fig.15a, the increment of span causes higher wing weight due

to the bigger wing size; this is translated into a higher maximum take-off weight. The reduced induced drag brings a

reduction of the wing drag that does not compensate for the reduction of the lift coefficient, which leads to a lower

aerodynamic efficiency 𝐿/𝐷. Hence, the fuel weight increments. On the opposite, a reduction of the span allows a lower

wing and maximum take-off weight but a higher wing drag due to higher induced drag for a lower aspect-ratio wing.

The high increment in drag affects the 𝐿/𝐷 and hence brings more fuel weight. The increment of the leading-edge

sweep angle in Fig.15b causes a stiffer wing and, therefore, an increment of its weight. A little variation of the MTOW

is achieved. The wave drag reduction due to higher sweep does not compensate for the higher viscous drag related

to the earlier transition to turbulent flow. As a consequence, the wing drag is incremented. The significantly higher

𝐶𝐷𝑤𝑖𝑛𝑔 reduces 𝐿/𝐷 and, as a result, the fuel weight raises. A lower 𝜑𝑙𝑒 reduces the wing and maximum take-off

weight. Besides, the condition turns into higher wave drag due to a higher effective Mach number, resulting in higher

wing drag. In fact, the optimum condition (at 0% of sweep angle variation) represents a trade-off between the two

situations described. A low sweep angle raises substantially wave drag. At the same time, high 𝜑𝑙𝑒 makes viscous drag

predominant due to instabilities (mainly cross-flow) triggering earlier transition and hence a condition with a lower

portion of laminar flow. The last parameter analyzed is given by the maximum thickness-to-chord ratio Fig.15c. Its

increment lowers the laminar flow region and strengthens the shock wave, causing higher wing drag. Thicker airfoils

lower the wing weight and a minor variation of the MTOW. The reduction of L/D augments the fuel weight. Thinner

sections lower𝑊𝑤 with a slight variation of the MTOW. Wing drag is augmented due to high viscous drag caused by

a limited portion of laminar flow, while wave drag benefits from weak shock waves of thin airfoils. The lower 𝐿/𝐷

increments𝑊 𝑓 .

The total weight of the BLS system plus the battery providing the required power for suction represents about 4%

of the MTOW. The suction power of the wing is in line with the results found in literature, in fact, in Risse [30], a

long-range aircraft presents around 200 kW of suction power for the wing and tail upper surface, converted for similar

flight conditions to the present work. The configuration without tail and for M=0.78 is characterized by a wing suction

power of 𝑃𝑤 ≈ 154𝑘𝑊 , considering that the wing reference area is about 3.5 times the wing area for this research. In

[68], a mid-range aircraft presenting a 52 m span and a wing area about 1.5 times the current wing, with 𝑃𝑤 ≈ 86𝑘𝑊

for probably just the upper surface, this is not clarified, but the project should involve laminarization through suction of

the upper lifting surface. Hence, for all the above stated, the results match. Another way to lower wave drag component

is airfoil-shape optimization characterized by weaker shock waves. The optimized airfoils are presented in Fig.16,

showing the new configuration at the root, kink and tip, respectively. Besides, it can be noticed that an undercut at the

lower surface is present at the tip, where no suction is applied, favouring front loading. In this case, the airfoil achieves
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Fig. 15 Weights and performance sensitivity study.

the desired lift while sustaining a weaker shock without imposing a more negative pitching moment that could bring

infeasible trailing edge shapes [11, 69]. The new shapes allow better aerodynamic performance. It is observable that,

generally, the optimized configuration presents a weakening of the shock waves helping the reduction of wing drag.

The phenomenon is obtained especially for the lower surface. A comparison between the reference and the optimized

configuration in terms of pressure distribution for different spanwise positions is shown in Fig.17. A complete overview

of the interpolated contours of the pressure coefficients for each wing section with respect to the span is reported in

Fig.18 and Fig.19.

The transition line is located approximately at 72% for the upper surface, while 52% for the bottom, for both

configurations (Fig.20). At the tip, the bottom surface presents an early transition triggered by the reduced local

Reynolds number. The reference wing shows an analogous laminar flow portion to the optimized configuration. In fact,

the reference configuration is equipped with airfoils designed through a 2D sectional optimization to minimize drag, as
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Fig. 16 Optimized airfoils.
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Fig. 17 Pressure distribution comparison.

seen in Sec.IV. The effect of BLS is shown in Tab.6, in particular, the reference and optimized configuration are tested

at the same flight conditions but with suction and without using the technology (NLF). The optimized configuration

presents the highest relative wing drag reduction, lowering 𝐶𝐷𝑤 for HLFC mode of about 28.7%.

The optimizer reduces the thickness of the airfoil (Fig.21) from root to tip, trying to find a configuration that

maximizes laminar flow but without incrementing excessively wing weight. In fact, as seen in Fig.15c a too-low

thickness raises wing weight that triggers maximum take-off weight translating into higher lift coefficient and, finally,
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Fig. 18 Interpolated surface pressure contours for the wing upper surface.

Table 6 Wing drag reduction due to BLS.

Reference Optimized
NLF 0.0101 0.0094
HLFC 0.0090 0.0067
Δ𝐶𝐷𝑤 -10.4% -28.7%

drag. Excessive thickness affects the laminar flow portion and implies a stronger shock wave, resulting in higher drag

and lower aerodynamic efficiency.

As explained in Sec.IV, the optimized configuration needs to satisfy some design considerations. In particular, it is

clear that a sufficient high AR is reached and a minimum of 1.3 m for the tip-chord. The wing loading constraint is

satisfied during the optimization thanks to a penalty-method for the fitness function. Fuel volume is checked considering

that the required fuel volume should be sufficiently high to store fuel and so less or equal to the available one. Defining

the fuel weight𝑊 𝑓 and fuel density 𝜌 𝑓 , in particular:

𝑉 𝑓𝑟𝑒𝑞 =
𝑊 𝑓

𝜌 𝑓

(54)
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Fig. 20 Transition line position for reference and optimized configuration.

While the available fuel volume is defined in Scholz (Chapter 7) [70] and Torenbeek [71] as:

𝑉 𝑓𝑎𝑣 = 0.54 · (𝑆1.5
𝑤 ) · 𝑡

𝑐 |𝑟𝑜𝑜𝑡
· 1
√
𝐴𝑅

· (1 + _
√
𝜏)

(1 + _)2 (55)

where 𝑆𝑤 is the wing area, 𝑡
𝑐

represents the thickness-to-chord ratio, while 𝜏 is the ratio between thickness-to-chord
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ratio at the root and at the tip, _ defines the taper ratio. All the cited constraints are satisfied. The last condition is

represented by the 𝑇/𝑊 at take-off, checking that the new performance capability will be enough to reach the reference

take-off ground distance 𝑆𝐺 defined in Tab.3. The take-off thrust-to-weight ratio is given by ([72]):

𝑇

𝑊
=

1.21
9.81𝜌𝐶𝐿𝑚𝑎𝑥𝑆𝐺

· 𝑊
𝑆

+
(

0.605
𝐶𝐿𝑚𝑎𝑥

)
· (𝐶𝐷𝑇𝑂 − `𝐶𝐿𝑇𝑂 ) + ` (56)

The maximum lift coefficient at take-off (”𝑇𝑂”) is determined using DATCOM [73] methodology (also reported in

[72]), in particular, MSES is used to find the airfoil 𝐶𝑙𝑚𝑎𝑥 at root, kink and tip and a correction is applied to consider 15

degrees of flap deflection at take-off for a single-slotted Fowler flap. A stall limit is projected, and then Q3D-HLFC at

inviscid mode is launched at different angles of attack to understand when the stall limit is reached and, consequently,

the maximum lift coefficient. The 𝐶𝐿 at take-off is given again, launching Q3D-HLFC with no viscous drag, and then

the value is corrected considering the ground effect. Drag components are given from Q3D-HLFC; the profile drag

is then corrected for the flap deflection, while the induced one is corrected with the ground effect. The coefficient `

represents the ground friction constant and is taken equal to 0.04. Fig.22 shows the final values of wing loading and

thrust-weight ratio, showing that the optimized configuration lies in the feasible design domain, given by the white area,

with respect to the parameters evaluated in the preliminary phase for the reference aircraft.

VI. Conclusion
The present research shows the development of a quasi-three-dimensional aerodynamic solver for hybrid laminar

flow control and natural laminar flow, including a shock-wave determination tool. A two-dimensional conical reference

frame transformation of the sections and flow parameters is applied to evaluate drag at different wing positions. Drag is
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Fig. 22 Thrust to weight and wing loading consideration with respect to the reference configuration.

then converted to freestream (three-dimensional) direction. The tool is able to capture the effects of boundary-layer

suction and hence provide accurate drag estimation with limited computational cost compared to higher fidelity software.

The aerodynamic module is coupled with a structural analysis tool for wing weight calculation, considering the effects

of load alleviation for lowering maximum loads and novel materials for lighter wings. The other modules present

a boundary layer suction system analysis for battery and system weight estimation and a performance module that

estimates the fuel weight to carry on board. The modules are part of a gradient-free optimization framework for fuel

weight minimization. A backward-swept, mid-range aircraft designed in the Cluster of Excellence - SE2A Sustainable

and Energy Efficient Aviation is optimized. Final results show a limited increment of structural weights mainly due

to the increment of wing span and leading edge sweep angle but with a reduction of fuel weight up to 6% thanks to

improved aerodynamic properties. The boundary layer suction system implies extra weight due to the battery storing

the energy needed and because of system components like compressors, wires, and electric motors. This increment is

about 4% of the maximum take-off weight, well compensated by the aerodynamic advantages. In fact, the optimized

configuration presents a reduction of 28.7% of wing drag with respect to the natural laminar flow case thanks to the

suction application. Optimized airfoils present a thinner shape to lower wave drag, keeping laminar flow at 72% for the

upper surface and 52% for the bottom. Proper trade-offs between disciplines are presented, showing the influence of

design parameters on final weights and performance. Finally, some design considerations are checked for the optimized

solution.
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