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Abstract: In the context of reducing the environmental footprint of tomorrow’s aviation, Distributed
Electric Propulsion (DEP) has become an increasingly interesting concept. With the strong coupling
between disciplines that this technology brings forth, multiple benefits are expected for the overall
aircraft design. These interests have been observed not only in the aerodynamic properties of the
aircraft but also in the structural design. However, current statistical models used in conceptual
design have shown limitations regarding the benefits and challenges coming from these new design
trends. As for other methods, they are either not adapted for use in a conceptual design phase or do
not cover CS-23 category aircraft. This paper details a semi-analytical methodology compliant with
the performance-based certification criteria presented by the European Union Aviation Safety Agency
(EASA) to predict the structural mass breakdown of a wing. This makes the method applicable to any
aircraft regulated by EASA CS-23. Results have been validated with the conventional twin-engine
aircraft Beechcraft 76, the innovative NASA X-57 Maxwell concept using DEP, and the commuter
aircraft Beechcraft 1900.

Keywords: aircraft design; distributed propulsion; general aviation; regional aircraft; structural mass;
wing design; aviation; MDAO; FAST-OAD; innovative aircraft architecture

1. Introduction

The goals of reducing the environmental footprint and decreasing the noise levels
determine the trends of future aviation. In this sense, distributed electric propulsion (DEP)
aircraft represent a potential key approach for meeting the overall objectives without
compromising costs and safety requirements. The concept of blowing air at high speed
over the wing generates a relative speed of the air with respect to the aircraft. As a result,
increasing the number of propellers demands less thrust to reach the minimum speed
during take-off, and it increases the lift coefficient and requires a smaller wing surface [1].
From a structural point of view, the incorporation of DEP along the span leads to the
alleviation of the bending moment and the reduction of the wing structural mass [2].
Therefore, DEP affects the mass breakdown of the wing, and its assessment is one of the
main challenges to be faced in the weight analysis.

The design of a new aircraft, either innovative or conventional, generally starts by
a conceptual design (see Figure 1) in which the preliminary assessment of a variety of
possible configurations is studied. This phase, if conducted properly, allows us to rule
out unfeasible layouts and identify key features [3]. This stage is but one of the iterations
of the aircraft design process and is likely to be conducted several times for each tested
configuration. Additionally, many new aircraft concepts are taking shape, which creates
the need for a way to quickly and reliably assess their likeliness to fly in conceptual and
preliminary design steps. FAST-OAD-GA is an overall aircraft design (OAD) code that
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aims to fulfill the need for general aviation (GA) aircraft. As part of the undertaking of
adapting FAST-OAD-GA for novel configuration, the necessity for an improved wing mass
estimation method was identified.
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Figure 1. Aircraft design process for a typical GA aircraft. Reprinted from Ref [3].

A literature review has thus been conducted to assess the relevancy of existing wing
mass estimation methods for conceptual and preliminary aircraft sizing. Three types of
methods have been identified based on their fidelity level: empirical, physics-based, and
finite-element methods.

Empirical models such as the one presented by Raymer [4] and Nicolai [5] are particu-
larly well suited for the conceptual design stage and are commonly used. Their computa-
tion time is virtually instantaneous, and the level of detail required to apply the formulae
matches what is usually found at this stage of aircraft design. Such methods are, however,
strongly dependent on the database used to establish them, and with the lack of infor-
mation on innovative designs, they would fail to capture the aforementioned effects [6].
More refined methods such as the one presented in NASA’s FLOPS [7] are capable of
encapsulating the design features of unconventional aircraft configurations. This is the case
for high-aspect-ratio wings, strut-braced wings, or aeroelastic tailoring. Nevertheless, the
aerodynamic loads and the engine relief effect are only used in part of the computation of
the wing weight, and they must be specified by the user.

On the opposite end of the complexity spectrum, one finds finite element methods.
Some of them, such as the one presented in [8], have been shown to be able to estimate
the wing mass with satisfactory results. However, such methods present computational
times that are not acceptable for conceptual design phase. Furthermore, the required inputs
and precision level of those models are usually not known at this stage of the design. The
final limiting step is the complexity of such codes or software that makes their integration
efficient in an overall aircraft design software complex.

Finally, existing analytical and physics-based methods have been reviewed. These
combine the ease of integration with flexibility and relatively low computational time.
Nonetheless, they are often proprietary software or embedded in an already existing OAD
tool. Other approaches such as the one developed in [9] or [10] present the appropriate
level of fidelity and are described with enough precision that they can be implemented
to estimate a basic mass breakdown of the wing. However, these methodologies do not
consider the loads cases and structural requirements prescribed by EASA CS-23, and they
are more oriented towards commercial transport aircraft. Nonetheless, these have served
as the basis to build the methodology presented in this paper.

This work focuses on developing and validating a semi-analytical approach to predict
the structural mass breakdown of a wing for a usage in a preliminary aircraft design tool.
The choice of a semi-analytical model was made to combine the robustness of the method,
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the ease of the integration, and the low computational time. This model shall be applicable
to aeroplanes in EASA CS-23 category and be adapted to both conventional and distributed
propulsion airplanes. The methodology developed by [10] was adapted to consider both
the relevant CS-23 loads certification requirements and the effects of DEP. After a validation
of the developed method on three aircraft covered by the CS-23 requirements, parametric
studies were conducted to investigate different design choices. This methodology was then
implemented in FAST-OAD-GA, which brought its own set of challenges, chief among
which was the concern for the computational time and opportunities such as benefiting
from the software framework.

2. Materials and Methods
2.1. FAST-OAD-GA (Future Aircraft Sizing Tool—Owverall Aircraft Design—General Aviation)

FAST-OAD-GA is an open-source plugin of FAST-OAD, an open-source aircraft sizing
and optimization tool developed by ISAE-SUPAERO and ONERA based on the OpenM-
DAO framework [11]. The links to the code are available in the Supplementary Material
section. A FAST-OAD run consists in the assembly of several OpenMDAO components
with inputs and outputs that represents the application of an aircraft sizing methodology.
Moreover, FAST-OAD allows us to define specific problems by using a configuration file.
This file provides an easy way to switch between models or to remove/add some modules.
Coupled with OpenMDAQ'’s multidisciplinary design analysis capabilities, it allows for a
preliminary estimation of the viability of possible aircraft configurations. Currently, FAST-
OAD-GA is bundled with statistical models for mass estimation targeted at conventional
airplane architectures. However, in the extension of this software to cover innovative
aircraft designs, this was targeted as a limiting factor, which prompted the creation of the
presented methodology.
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Figure 2. Representation of the typical FAST-OAD-GA process as an N2 diagram.

A representation of the typical FAST-OAD-GA sizing process is presented in Figure 2
in the format of an N2 diagram. Each of the colored lines on the bottom-left side of the
diagonal represents a loop in the process, while the one on the upper-right are forward
computation. Henceforth, the outermost loop, i.e., the loop on the wing area, will be
referred to as an iteration. Figure 2 shows that each of the modules (gray blocks in the
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main diagonal) can be used several times in each iteration. More specifically, the weight
module that computes the overall empty weight (OEW) is inside 3 loops in each iteration,
meaning it is run at least three times. The OEW is currently computed by summation of the
weights of every component of the aircraft broken down into categories adapted from [12].
The wing corresponds to one of the main components that contributes to the OEW. The
work presented in this paper consists in replacing the current way of computing the wing
weight by the semi-analytical methodology mentioned in the introduction to improve the
precision of the sizing process while compromising the computational time. Figure 2 also
illustrates that this model will be used in a complex environment with a methodology at
various levels of fidelity, making it unnecessary to have a model with a level of detail in the
inputs greater than what the rest of the process can provide, which was one of the reasons
why a finite element method was not retained.

Furthermore, Figure 2 shows that many modules are run before the computation
of the mass breakdown. This means that since the outputs of some components can be
the inputs for others, it is easy to reuse the results of previous models without requiring
their computational time. An example of a module in this situation is the computation of
the aerodynamic performance of the aircraft, which contains the computation of the lift
distribution along the span.

In order to be able to use a real lift distribution as part of the computation of the
aerodynamics loads, FAST-OAD-GA relies on OpenVSP through an interface that allows
an automated processing of the computation and results. It is an open-source software
released under NASA Open Source Agreement as a parametric geometry tool. One of
OpenVSP’s tools is VSPAERO which allows aerodynamic analysis based on either a vortex
lattice or a panel method. OpenVSP is well suited in early aircraft design stage because of
its low computational time and ability to run various types of analyses. Another advantage
of using this software is that it allows the simulation of the wing-propeller interaction
due to the induced velocity through the use of an actuator disk model [13], which is a key
feature to capture the effect of DEP in the aerodynamic loads.

2.2. Wing Mass Model

For the purpose of initial design, the wing is assumed to be trapezoidal, with N engines
distributed along the wingspan and divided into a primary and secondary structure. The
leading and trailing edge devices such as ailerons, flaps, and slats form the secondary
structure of the wing. The primary structure is modeled as a wing-box, represented in
Figure 3 with a miscellaneous weight to account for the joints, cut-outs, and connections.
The wing-box structure is then broken into different components. Each of these components
is assumed to withstand only one type of stress:

¢ The spar web withstands the shear force;

*  The spar caps supports the bending mometn;
e  The skin reacts to the torsion moment;

*  Theribs bear the buckling loads.

Shear web

Ceell

Skin

——— = =

Figure 3. Wing-box model. Reprinted from Ref [3].
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This set of assumptions allows a simplified analytical estimation of their individual
mass based on E. Roux’s model [10], which is only valid for isotropic materials. The use of
composites is accounted for in the miscellaneous weight through the FCOMP factor [7],
ranging from 0 for no composites to 1 for its maximum utilization.

The choice was made to ultimately not consider buckling for the sizing of the ribs.
Indeed, this method was elaborated to be used as part of a conceptual design tool and does
not substitute a full load analysis, which means we had to rule out some failure scenarios
such as buckling.

In addition to the previous model, Sui An [14] shows in her studies the impact of
flutter on the wing mass when using distributed propulsion. She proves that the flutter
constraint increases the optimum mass by 6-14%. Therefore, the current method will
approximate such effects in the applicable cases through a mean coefficient of 1.10.

2.3. Methodology Description

The following methodology is applicable to airplanes regulated by EASA CS-23
certification specification. Requirements from CS-23 at amendment 4 [15] are considered
throughout this paper as an acceptable means of compliance to amendment 5, the latest
applicable issue written in a performance-based language. The goal is to compute for each
part of the wing the quantity of material necessary to support the stresses induced by the
load cases prescribed in the certification requirements. Figure 4 describes the iterative
process developed for the evaluation of the mass breakdown of the wing, which begins
with an initial estimation of the total wing weight for the computation of the structural
loads and then follows the steps presented hereafter.

Assumedwingmass Aircraft data
¥- ¢. For MTOW and MZFW:
___________________ ey oo DTSN T

V-n diagram: Computation of limitload factors anddesign airspeeds
* Safetyfactor

Identification of extreme load factors atVc

* Equilibrium for L=W

1
1
1
1
1
1
1
1
1
1
Determination of Lift distribution :
1

* Distributed and punctual weightdistribution |

1

Computation of structuralloaddiagrams :

* CS-23 Regulation :

- . 1
Computation of each components mass for current constraint 1
1

Identification of most constrainingmassfor each component and summing
to get wingmass

v

NO Computedwingmass =
Assumedwingmass

* YES

OUTPUT: Mass breakdown of the wing

Figure 4. Flow diagram of the method.

1.  Load factors: CS23.321 and CS 23.333 [15] state that the aircraft must comply with the
load requirements for any combination of load factor and airspeed within the limits
of the flight envelope. This envelope results from the application of the maneuver
and gust criteria defined for every weight and flight altitude computed according to
(S 23.335, CS 23.337, and CS 23.341. To simplify the process, two constraining weight
cases for the wing structure at the typical cruise altitude were selected: the aircraft
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[m]

Wing load cC1l

R

O O OO

at MTOW and with minimum fuel in the wings [15]. The choice of considering only
the cruise altitude and cruise equivalent airspeed V; was made since these conditions
lead to the highest gust load factor. In addition to that, according to CS 23.305, the
wing should also demonstrate compliance to the strength requirements at ultimate
loads. These are calculated by applying a safety factor to the maximum /minimum
load factors obtained for the aforementioned conditions.

Lift distribution: The computation of the lift distribution was separated into two
parts: the clean lift, which is the lift without accounting for engine wake and the
slipstream lift, meaning the additional lift generated by the engine wake. The clean
lift distribution is obtained from OpenVSP and was assumed to be of constant shape
along the wingspan. It is then scaled to match the lift coefficient required to sustain
the extreme load factors. In the computation of the clean lift, the tail down force
necessary to maintain the aircraft level was also considered, leading to a 5% increase
assumed to balance the weight in cruise (L = W) [12]. The slipstream lift distribution
is computed using OpenVSP through a simple actuator-disk engine model to capture
the effects of DEP on the aerodynamic loads. For the computation of the slipstream
effect it was considered that two types of propellers could be installed on the wing:
the High-Lift Propeller (HLP) [16] to provide extra lift at low speed and the Wingtip
Propeller (WTP) to provide thrust during cruise and reduce induced drag. In cruise,
the HLPs are folded, but at the climb cruise transition, they are still activated and
working close to their maximum operating speed. At this time of flight, the potential
risk of whirl flutter require setting the torque at the minimum level with a consequent
reduction of power [17]. These few seconds of blown wing under cruise conditions
are taken into account in the wing sizing process under a steady approximation to
ensure conservative results. This lift distribution is then multiplied by the chord at the
corresponding station along the span to obtain the aerodynamic loads at each point
of the wing. The results of the computation of the lift load for the X-57 are shown in
Figure 5.

Total 1ift load
TS el -- Clean 1lift load

o
E
L
£
p
1
I
3
i
1
F
H
[

O N =Y N
7

L

o

0.2 0.4 0.6 0.8 1
Position along the wing span [-]

Figure 5. Lift load distribution along the dimensionless wing span.

3.

Structural load diagrams: five types of loads acting on the wing are considered: the
aerodynamic lift load previously obtained, the distribution of the wing and fuel
weights (proportional to the local chord), the punctual weight of the engines and the
weight of the landing gear. However, when the fuel is placed in the same position as
an engine or landing gear housing, its weight is decreased at this section to account
for the reduced space available. The shear force diagram is then obtained by the
numerical integration of the distributed loads. Similarly, the bending moment diagram
can be constructed with the numerical integral of the shear diagram. Pursuing the
flexibility of this methodology for hybrid or DEP configurations, the fuel weight is
only considered in the applicable cases.

Mass breakdown of the wing: the mass of each structural component of the wing is
proportional to the quantity of material necessary to support the loads, defined as
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the density of the material p,; multiplied by the volume of the part. The following
computations will be done for the two previously mentioned aircraft masses: MTOW
and minimum fuel in the wing. Consequently, two values of the mass will be obtained
for each element, with the maximum being retained. Hereunder, a non-dimensional
reference coordinate system will be used, where the Y axis (Y = y/(b/2)) is defined
positive to the right side of the aircraft, with b the span.

Web mass in shear M,,;: the spar web is a vertical panel designed to react, under
assumptions of the presented methodology, to all the shear force of the wing
T(y). CS 23.305 stress criteria is applied, which states that the stress on the web
must be lower than the maximum shear stress of the material | Typ| < Tinax. So,
the mass of the web for the whole wing is calculated integrating its section area
Swep along its elastic axis # which sweep angle is ¢,:

b/2 1 |Tmax|
—_— SpepdY ; Sweb =
m cos (Pe 0 web web Tz

Muyep = 2p (1)

Spar caps mass in bending Mcqps: the lower and upper spar caps of the main
spar react to the bending moment M¢(y). Similarly to the web sizing, the CS
23.305 stress criteria imposes that the stress on the spar caps cannot surpass

the maximum normal stress of the material, ‘Uﬂ‘ < |Omax|, neither in traction

(Twmax; > 0) nor in compression (0, < 0). In general, the resultant shear force
of the wing is in the upwards direction. Hence, the upper spar cap will work
under compression, while the lower spar cap will be subjected to traction. The
consequence is that the upper spar cap will face higher risk of failure under
buckling than the lower spar cap [10]. With those considerations, the mass of
both spar caps can be calculated with Equation (2), where h(Y) is the distance
between the center of gravity of the spar caps retrieved from [10] and Sg, Sy are
the cross-section areas of the upper and lower spar caps, respectively.

b/z 1 1
Mcaps =20m cosg /0 SpdY +/O S;dYy (2)

M + M -
St = ymax(PW- 2

—Mf(y)* fo(y)*)

omaxe. ’  Omaxy

®)

Sg = ﬁmax(

Skin mass in torsion Mg;,: The skin is a thin panel of a thickness assumed
constant that provides the necessary strength to bear the torsion moment. This
assumption makes sense from a manufacturing point of view, where varying the
thickness for wings of this size represents additional manufacturing complexity
that is not desirable for general aviation manufacturers. Besides having a varying
skin thickness did not significantly improve the results in [10], hence our choice
to keep the wing skin thickness constant. The regulation imposes two sizing
criteria: CS 23.455 that limits the deformation of the wing in rolling conditions
and one that corresponds to the maximum admissible stress at ultimate loads
stated in the CS 23.305. Hence, the skin mass will be determined by the most
demanding requirement. In previous versions of the model [18], both criteria
were computed for various aircraft. The results revealed that the deformation
dimensioning also meets the stress requirements. Consequently, only the CS
23.455 rule was implemented in the current edition of the code. Then, as pre-
sented in Equation (4), the skin mass is obtained by integrating the product of
the skin thickness, e and the perimeter of the wing-box, I. The objective of this
criterion is to guarantee the efficiency of the ailerons control by limiting the roll
speed at the design airspeeds p4, pc, pp- When ailerons are deflected, this norm
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restricts the wing deformation that changes the angle of attack Ax. This Ax can
be approximated by the variation of the twist angle due to the torsion moment
produced by the ailerons. The skin weight will then be computed based on
the necessary thickness to react that torsion moment. For further detail on the
calculation of ¢, p4, pc, pp the user is encouraged to see [10] (pp. 84-104).

b/2

cose pc 2 pA
Mkin = 20m ) E(W)ldrl ’ 4)
Rfus 3 >
cosee PD - PA

The mass of the ribs M, ;s and miscellaneous M jsceilaneous items are obtained empiri-
cally according to the expressions proposed by E. Roux [10] and NASA FLOPS [7],
respectively. As for the secondary structure, Torenbeek [2] states that it contributes to
around a 25% of the total mass of the wing. Therefore, its weight will be empirically
obtained with this proportion. Finally, the total mass of the wing will be the sum of
all its components:

Mprimary = Muyep + Mcups + Mskin + Myips + Miiscellaneous )
Mwing = Mprimury + Msecondary
5. Iteration: the method finishes by comparing the computed mass of the wing with the
one initially estimated. If these values are different, the tool iterates on the solution
with the computed value until the error is lower than 0.1%. This ensures the obtained
wing weight is close enough to the structural weight used to compute relief effects.

2.4. Methodology Validation

Validation of the proposed methodology and related models is performed through
an assessment for three aircraft use-cases: the Beechcraft 76 as a conventional twin-engine
airplane, the innovative NASA Maxwell X-57 as a DEP concept, and the Beechcraft 1900
as a commuter aircraft. In this way, the robustness and flexibility of the method can be
proved through a realistic range of weights and sizes of aircraft. Input data used for those
use-cases are detailed in Appendix A. The structural safety factor for the Maxwell X-57
was set to 1.8 according to the airworthiness approach set for the Mod III version of the
aircraft [19].

2.5. Parametric Analysis

Two parametric studies were conducted to show the importance of considering the
impact of DEP and engine placement on the wing sizing. For the analysis described in
Sections 2.5.1 and 2.5.2, the aircraft we will use as a reference is the Maxwell X-57. For
the study in Section 2.5.3, we will use the Beechcraft 76. As previously introduced, the
weight of the engines and the wing-propeller interaction modify the structural loads with
subsequent effects on wing mass. For a better comprehension, each of these effects is
presented and analysed independently.

2.5.1. Effect of the Engines Weight Distribution

The investigation presented in this section aims to analyse exclusively the engines mass
effect on the wing sizing. The complete study of the effects of a change in the propulsion
system is an Overall Aircraft Design problematic that is not addressed in this paper. The
results of this study, however, can be seen as the first iteration of the global OAD process.
For such purpose, the quantity of high-lift propellers per semi-wing has been varied from 1
to 6, and the following assumptions have been retained:

*  The high-lift engines are evenly spaced along the wingspan and it is assumed that the
distance between the last HLP and the WTP was greater than the distance between
two HLP. The position used for this study is detailed in Table 1.
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¢  The maximum power and mass of the engines are proportionally scaled with the
number of HLP. The propeller disc size is also adjusted to have a constant power
coefficient. The baseline is defined by the 12 high-lift motors mounted in the X-57
Maxwell, with a propeller diameter of 0.58 m, a shaft power of 10.5 kW and a mass of
6.8 kg per engine.

*  The slipstream effect of HLP is not considered for this study. This analysis is focused
on the engines weight and not on the aerodynamics though the two parameters will
be coupled in an overall aircraft analysis.

*  The WTP remains the same in every simulation. This enables to maintain the main
source of thrust of the aircraft to counteract the drag.

Table 1. HLP position considered in the parametric study on the effect of HLP weight (in % of the
semi-span) per half-wing.

Neng Position (s) of the HLP (s) Position of the WTP
2(1+1) 033 - - - - - 1.0
3(2+1) 025 0.5 - - - - 1.0
4(3+1) 0.2 0.4 0.6 - - - 1.0
5@+1) 017 0.35 0.5 0.65 - - 1.0
6(5+1) 0.143 0.286 0.429 0.572  0.715 - 1.0
7(6+1) 0188 0.3075 04269 0.5462 0.667 0.785 1.0

2.5.2. Effect of Slipstream Consideration

The second parametric study shows the sensitivity of the model to the slipstream
effect in cruise conditions. This analysis is made to evaluate the impact of the choice made
in this paper to consider that HLP were still active in the cruise conditions. The original
configuration of the X-57 Maxwell with 14 engines is used. In order to achieve this objective,
the mass of the wing has been obtained with and without adding the slipstream lift.

2.5.3. Effect of Engine Placement

The third parametric study aims at analysing the influence of the position of the
engine on the overall wing mass for a conventional design. The baseline configuration
for this study is the Beechcraft 76. The position of the engine varies between the root
and the tip of the wing. For a correct interpretation of the conclusions of this study, it
is necessary to mention that, for the computation where the engine is located closer to
the fuselage centerline than the reference position, results are physically irrelevant. The
baseline engine location is indeed already a lower limit based on the propeller clearance,
which can be specified as a design constraint. The results will nevertheless be included as
an indicative basis.

3. Results
3.1. Methodology Validation

For the purpose of validation of the methodology, the outputs of the use-cases have
been evaluated against data available for Beechcraft 76, Beechcraft 1900 and NASA X-
57 Maxwell with DEP. For the latter, the weight of the wing was directly available in
the literature [20]. For the Beechcraft 76 and the Beechcraft 1900, as no real values are
publicly available, the comparison is made with a traditional statistical method [4,5,12].
Said statistical methods are applicable to normal category aircraft and commuter aircraft
and were established based on database containing aircraft which technological level is
close to that of the Beechcraft 76 and 1900. They are written in the Appendix B.

A summary of the results of the validation study is presented in Table 2.

For the Beechcraft 76 use-case, the deviation of the wing mass obtained with the
presented semi-analytical model compared to the reference value is less than 1%. The
actual value of the wing mass is unknown; however, this result shows that the newly
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established methodology gives the same results as a classical empirical formula. This
prompted the authors to compare the result with an empirical methodology [5]. In this case,
the difference computed was of around 6%, which confirms that no significant precision is
lost when using the semi-analytical approach.

Table 2. Outputs of the presented methodology applied on the Beechcraft 76, the X-57 Maxwell, and

the Beechcraft 1900.
Estimation Method Beechcraft 76 X-57 Maxwell Beechcraft 1900
Wing Mass (kg)  Error (%) Wing Mass (kg) Error (%) Wing Mass (kg)  Error (%)
Developed model 182.2 04 174.3 4.5 722.8 0.7
Statistical model 183.0 [4] Reference 131.8 [5] 20.1 717.5[12] Reference
Real value Unknown - 166.7 [20] Reference Unknown -

The same conclusion can be drawn from the validation of the method against the
commuter Beechcraft 1900. The empirical formula used to compare the results obtained for
this aircraft is selected from [12], which suggests the use of commercial transport aircraft
models as the most appropriate choice to describe turbo-propeller aircraft with a maximum
take-off mass over 5670 kg, as is the case for this aircraft.

For the NASA X-57 Maxwell use-case, the empirical formula from the literature gives
results with an error of around 20%. This can partly be explained by the fact that the
correlation was established on aircraft whose wing loading was fairly low because of the
flaps technology used. Given that DEP allows one to reach a lift coefficient of over 4.0 in
certain configurations [21], this leads to small wings but with heavy structure. By contrast,
the semi-analytical methodology provides results that are much closer to the real wing
mass. The reason behind this is that it actually takes into account the structure required to
withstand the loads compliant with CS-23 requirements.

In addition to the total wing mass, the presented methodology also provides a further
breakdown of the wing structural components shown in Table 3.

From this table, a noticeable remark can be formulated about the change in the propor-
tional importance of the spar caps on the total wing weight. Indeed, for the X-57 Maxwell
they take a much larger share. This can be explained by the increase in the wing aspect
ratio (AR), which is equal to 15 for X-57 Maxwell, compared to 8 for the Beechcraft 76 and
10.8 for the Beechcraft 1900. The AR is one of the main factors in the computation of the
bending moment [3], and since the bending moment is the defining factor for the spar caps
computation, this explains such an increase.

Table 3. Detailed mass breakdown (absolute and share of total wing weight) of the Beechcraft 76, the
X-57 Maxwell, and the Beechcraft 1900.

Wing Structural Component Beechcraft 76 X-57 Maxwell Beechcraft 1900
Web 2.235 kg (1.2%) 2.409 kg (1.4%) 15.538 kg (2.1%)
Lower spar cap 10.889 kg (6.0%) 20.549 kg (11.8%) 64.643 kg (8.8%)
Upper spar cap 14.548 kg (8.0%) 27.455 kg (15.7%) 86.365 kg (11.8%)
Skin 49.73 kg (27.3%) 68.501 kg (39.3%) 267.065 kg (36.0%)
Ribs 22.128 kg (12.1%) 3.206 kg (1.8%) 47.643 kg (6.6%)
Misc 37.113 kg (20.4%) 8.64 kg (5.0%) 70.863 kg (9.7%)
Primary structure 136.643 kg (75.0%) 130.76 kg (75.0%) 542.117 kg (75.0%)
Secondary structure 45.548 kg (25.0%) 43.587 kg (25.0 %) 180.705 kg (25.0%)
Total 182.191 kg (100.0%) 174.347 kg (100.0%) 722.821 kg (100.0%)
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3.2. Parametric Studies
3.2.1. Effect of the Engines Weight Distribution

The goal of this study is to see if the presented methodology was capable of replicating
the relief in the bending moment that comes from the distribution of engines along the

wing. The results are presented in Table 4 and plotted in Figure 6, where the dashed lined
is the reference weight for the X-57 Maxwell.

Table 4. Mass breakdown [kg] of the X-57 Maxwell wing for different number of engines on the wing.

Neng Mpep Mcaps Mkin M, ips Minisc Msecondary Miotal
2(1+1) 2.34 47.10 43.26 173.05
32+1) 2.32 46.40 43.02 172.10
4(3+1) 231 45.95 42.87 171.48
54+1) 231 45.66 68.50 321 8.64 42.77 171.08
6(5+1) 2.30 45.37 42.67 170.69
7(6+1) 2.28 44.58 42.40 169.6

The results show an alleviation effect on the total wing mass of around 3.5 kg for an
increasing number of engines. It can be observed that the webs, spar caps, and secondary
structure masses are the only values that change. As explained before, the ribs and miscel-
laneous weights are computed through empirical methods. These techniques do not take
into account the loads or the number of engines, which justifies that no change is observed.
As for the skin, its mass only depends on the characteristic speed of the aircraft. Therefore,
considering this study’s assumptions of constant MTOW and no slipstream effects, the skin
weight does not vary with the number of engines.

Based on these observations and the hypothesis made regarding the secondary struc-
ture mass, which will account for 25% of the total wing mass, the weight variation is due
to a change in the primary structure. This is consistent, since the primary mass is mainly
obtained as the weight of the material required to withstand the loads. Since the weight of
the engines relieves the aerodynamic forces to react to the structure of the wing, a difference
in the engine weight and position will impact the structural weight.
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Figure 6. Effect of the number of engines on the overall wing mass.



Aerospace 2022, 9, 5

12 0f 18

For a deeper analysis into the reason for this lightening of the primary structure mass,
Figure 7 plots the contribution of each structural component to the primary structure mass.
This bar chart was plotted based on the results obtained for the two limit cases with only
one HLP and with six HLP.
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Figure 7. Effect of the number of engines on the primary structure mass.

As seen in Table 4 and Figure 7, the change in the primary structure mass comes from
spar caps and web. In particular, the shear force seen by the web and the bending moment
borne by the spar caps are lower. Thus, the structures will be lighter. Similar effects were
observed in the literature [22], albeit on bigger aircraft, which reinforces the idea that this
model can capture the structural benefits that distributed propulsion can bring forth.

3.2.2. Effect of Slipstream Consideration
This study investigates the impacts of the slipstream effects on the wing sizing. The
results are presented in Table 5.

Table 5. Mass breakdown (kg) of the X-57 Maxwell wing with and without slipstream effects

considered.
Myep Mcaps Min M, ips Mnisc Msecondury Miotal
w/slipstream 241 48.04 43.59 174.35
w/o slipstream ~ 2.28 44.58 68.50 321 864 42.40 169.6

The results reveal a sensitivity of almost 5 kg (~3%), resulting in a heavier wing when
the induced velocity of the HLP is considered. The air blown by the engines on the wing
increases the aerodynamic loads that the wing structure reacts to. Consequently, reinforced
and heavier web and spar caps are required.

On the other hand, the current analysis highlights an important point. Depending on
the power considered for the HLPs, the slipstream can heavily constrain the wing sizing.
In the current approach, a minimum thrust is set, since the study is performed immediately
at the end of the climbing phase at V. speed. However, in more detailed design stages, the
take-off phase will have to be analyzed with full engine power. In this case, the slipstream
effect will significantly exceed the actual 3%, challenging the choice of using V; as the
sizing point. The point of design was chosen based on the maximum load factor obtained
within the maneuver and gust envelopes. However, for commuter-category aircraft, the
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certification specification requires us to also consider the point of maximum gust from the
gust envelope [15].

The V-n diagram we obtained in our study on the Beechcraft 1900 is shown in Figure 8,
in which point A corresponds to the point we considered and point B corresponds to the
maneuvering point. At this point, even if the load factor is no greater than at cruise, the
speed is lower and thus the slipstream effects are greater. As a result, this might lead to a
less homogeneous aerodynamic loads and a need for stronger primary structure.

Point A
3 Point B :.:--'"-""'@-T-. __________ ; =-Beechcraft 1900 - maneuver
_mff """""""""""""" : = Beechcraft 1900 - gust
9.5 s A I W Wit =t
.
’
T2 3
.
— ’
- .
g 1.5 ',v
5 4
'
] ]
“oo.5 .
o] ]
] e
8 0 o ~
| , L
0.5 ! e
1 ’ e
. ,”;.‘- .
L 4_..--"'-
1 N IR, N ey B
0 20 40 60 80 100 120 140 160

Airspeed [KEAS]
Figure 8. V-n diagram obtained by FAST-OAD-GA for the Beechcraft 1900, a commuter type aircraft.

3.3. Effect of Engine Placement

This study focuses on the effect of changing the location of a sole engine along the
wing span for a twin-engine aircraft. The reference case is the Beechcraft 76. The results are
presented in Figure 9.

200 _ .
< Total wing mass

S—a < Total flanges mass
O Reference computation

[kg]

100

Structure mass

%

0 0.2 0.4 0.6 0.8 1
Position of the engine [%(b/2)]

Figure 9. Effect of the location of the engine on the wing and caps mass.

The results show that the further the engine is from the fuselage, the lighter the spar
caps are and thus the lighter the wing mass. This echoes results presented in Section 3.2.1
for the study of distributing the propulsion over the whole wing. The amplitude of the
changes, however, is much more significant, around 16% of the baseline weight. These
results lead to the same conclusion developed in [22]: moving the thrust generation on the
outer part can have a positive impact on the wings’ structural weight. Nevertheless, the
last points of the figure may be too optimistic, as the model currently does not take into
account any structural reinforcement that would be needed to withstand such a mass at the
wingtip. It also omits the case of hard landing, which might constrain the stiffness of the
wing.
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Placing the engine outboard can have significant positive or negative impacts on the
overall aircraft design. On one hand, studies on the aerodynamic effect of placing an engine
at the tip have shown that clear reduction of the induced drag have been obtained [21,23].
On the other hand, the closer the engines are to the wingtips, the higher the roll inertia
of the aircraft will be. This will result in either a decreased roll rate or in larger aileron,
which means more complexity and weight. It can also affect the sizing of the vertical tail
plane in case of an engine failure during low speed conditions. A rough estimation of the
vertical area needed based on the one- engine-inoperative certification requirements was
made using FAST-OAD-GA. The results show that from the baseline configuration to the
case where the engine is at the tip, the required area is more than doubled. This illustrates
that while wing weight savings may be obtained, the overall empty weight might increase,
highlighting the importance of coupling this method with an overall aircraft design process.

3.4. Computational Time

One of the main objectives of the newly developed methodology was that, once imple-
mented in an overall aircraft sizing tool, its computational time was to remain acceptable
for conceptual and preliminary design. Numerous experiments were conducted on each
use-cases configuration, and the time to converge was registered. The average results
presented in Table 6 were obtained.

Table 6. Comparison of the computational time between the newly developed methodology and
statistical formula.

Semi-Analytical Model Statistical Model
Beechcraft 76 76 ms
X-57 Maxwell 155 ms Virtually instantaneous
Beechcraft 1900 87 ms

As expected, the newly developed methodology takes more times than the statistical
formula suggests. However, the time is fairly low compared to some other modules of
FAST-OAD-GA (mainly propeller performances and aerodynamic computations). With
the default sizing process, the computation of the OEW (where the developed method is
used) is entered three times in each iteration. Knowing that it takes 10 to 15 iterations to
converge, the new model only adds around 7 s to the overall process. Compared to the
5-10 min needed for the whole FAST-OAD-GA process to converge, the time added by
the new methodology is deemed acceptable. It is also worth noting that there is a strong
dependency of the computational time on the initial estimated wing mass. During all those
studies, the initial point was taken as the result provided by a statistical formula [4]. This
partly explains why the process was much faster on a traditional aircraft for which both
results are fairly close. By using the real wing mass of the X-57 Maxwell as the initial value,
the time necessary to converge on the wing mass was decreased to about 120 ms. There
is, however, a difficulty in repeatedly predicting an initial wing mass that is close to the
results. This implies that for unusual wing configurations, the process might take longer to
converge than for a conventional design.

4. Discussion

The newly developed methodology has proved to be accurate for a conventional
twin-engine aircraft, an innovative DEP concept and a commuter aircraft, and it has
provided valuable estimations at preliminary aircraft design stage. However, results must
be considered carefully. Indeed, even if FAST-OAD-GA allows those values to be changed,
a certain number of the assumptions retained in this paper for the structure of the wing
(e.g., height of the spar caps, wingbox depth) are based on commonly used values, which
may be a source for errors and would require attention from aircraft designers. Some of the
computations could also be further improved, namely the ribs” mass, which is currently
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obtained with an assumed constant spacing. This could be improved by considering, for
instance, that the ribs are sized to prevent the wing from buckling [10,24].

For the skin weight, early results in conventional design seemed to show that the
deformation criterion was more constraining than the stress one. However, the use of
leading edge propellers placed further from the leading edge may reverse this common
tendency. This position has been identified as a major design parameter when considering
the sizing of a wing with distributed propulsion [16]. It also plays a major role in the
computation of the torsion moment and has an impact on the aerostructural properties of
the wing by moving the section’s center of gravity forward [25].

On the topic of aero-structural interaction, it was considered that for every aircraft
using distributed propulsion, an additional 10% should be added to the wing mass to
prevent flutter. This percentage was the mean value of several experiments on different DEP
configurations [14]. Further improvements could be added to the presented methodology
by running tailored aero-structural analysis to better estimate this coefficient. This, however,
would come with an increased computational time and would be an optional module in
FAST-OAD-GA.

5. Conclusions

In this paper, and in the context of the continuous improvement of FAST-OAD-GA, a
methodology has been developed to estimate the structural mass breakdown of a wing that
while taking into account the effect of distributed propulsion. This was done by adapting a
semi-analytical methodology to take into account a realistic load distribution. This new
method was specifically designed for aircraft covered by the EASA CS-23 certification spec-
ification and was adapted for use in the conceptual and preliminary design stages. Good
agreement with actual available aircraft data or previous methodology was shown, and
documented effects could be replicated, which justifies its use inside the mass estimation
step of the overall aircraft design process. The novelty of this method comes not only from
the adaptation of the models to conform to CS-23 and to enable the consideration of DEP,
but also from the work that has been done regarding its ease of integration inside an overall
aircraft sizing tool. Thus, the present work enables a preliminary consideration of the struc-
tural synergies brought forth by DEP. In addition to that and thanks to FAST-OAD-GA's
API, this model can be used in any Python-based OAD tools.

Supplementary Materials: FAST-OAD is available online at https://github.com/fast-aircraft-
design/FAST-OAD, accessed on 26 November 2021; FAST-OAD-GA is available online at https:
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Abbreviations

The following abbreviations are used in this manuscript:

AR Aspect Ratio

DEP Distributed Electric Propulsion
EASA European Union Aviation Safety Agency
FAST Future Aircraft Sizing Tool

GA General Aviation

HLP High-Lift Propeller

MTOW  Maximum Take-Off Weight
OAD Overall Aircraft Design

OEW Operating Empty Weight

OEI One Engine Inoperative

WTP WingTip Propeller

Appendix A. Statistical Formula Used for Methodology Validation
This formula taken from [4] estimates the wing mass based on the wing area Sy, in ft?,
the fuel weight inside the wing W, in 1b, the aspect ratio A, the sweep angle A at 25% MAC

in rad, the dynamic pressure at cruise g in Ib/ft?, the taper ratio A, the thickness-to-chord
ratio t/c, the ultimate load factor N, and the flight design gross weight W, in Ib.

A \* 006,004 (100t/c\ 703 0.49
Woing = 0'036525758W19£O35<c052 A> g 0%0A (COS X ) (N2 W)™ (A1)

The formula from [5] computes the wing mass based on the ultimate load factor N,
the flight design gross weight W, in Ib, the aspect ratio A, the sweep angle A at 25% MAC
in rad, the wing area S, in ft2, the taper ratio A, the thickness-to-chord ratio t/c, and the
maximum level airspeed at sea level Vy in KEAS.

W 06948 Nzwdg 0.65 A 0.57 Siw 0.61 1_'_/\ 0.36 1_‘_&
wmg o 10° cos?A 100 2t/c 500

The formula from [12] used for the Beechcraft 1900 uses the maximum zero fuel weight
Waizr in Ib, the span b in ft, the sweep angle Asp at 50% MAC in rad, the ultimate load
factor N, the wing area Sy in ft2, and the maximum thickness at wing root ¢, in ft.

b 0.75 \/m 055 bSw 0-30
ng = 0.0017W, Yy = [N G Wasgrcosas A
Waing = 0.0017Wpzp <cos/\5o> + b z (trWszcosAm > (A3)

Appendix B. Reference Technical Data for the X-57 Maxwell and the Beechcraft 76

0.993

(A2)

Table Al. Aircraft weights.

Parameter Unit X-57 Maxwell Beechcraft 76 Beechcraft 1900
MTOW kg 1360 1769 7688
MZFW kg 1360 1381.7 6804
Wing mass kg 166.7 -

Design fuel kg 0 387.3 884
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Table A2. Aircraft geometry.

Parameter Unit  X-57 Maxwell Beechcraft 76  Beechcraft 1900
Fuselage width m 1.22 1.20 1.38
Wing span m 9.66 11.58 17.67
Aspect ratio - 15 7.98 10.84
Wing surface m? 6.2 16.8 28.8
Root chord m 0.74 1.48 2.22
Root thickness m 0.088 0.21 0.4
Tip chord m 0.52 1.42 0.93
Leading edge sweep deg 1.9 0.0 0.0
Aileron chord Y%oc 25 26 0.28
Aileron span %b /2 22 32 0.38
Aileron max deflection ~ deg 22 20 20
Airfoil thickness ratio - 0.12 0.15 0.18
Ribs step m 0.6 0.6 0.6

Table A3. Aircraft aerodynamics.

Parameter Unit X-57 Maxwell Beechcraft 76 Beechcraft 1900
Cruise altitude ft 8000 8000 20,000
Cl, rad! 6.1 5.55 7.0
Cliax - 42 1.97 2.10
Table A4. Aircraft design airspeeds (EAS).
Parameter Unit X-57 Maxwell Beechcraft 76 Beechcraft 1900
V. m-s~ ! 78.19 78.63 118.27
V4 m-s~! 97.7 110.0 163.02
Va m-s~! 58.17 64.75 90.38
Table A5. Propulsion.
Parameter Unit X-57 Maxwell Beechcraft 76  Beechcraft 1900
Cruise engines n° 2 2 2
HLP engines n° 12 0 0
Cruise engine power kW 60.0 130.0 953
HLP power kW 10.5 - -
Cruise engines weight kg 53.1 175.0 325.4
HLP weight kg 6.8 - -
Cruise propeller dia m 1.5 1.93 2.78
HLP dia m 0.58 - -
Table A6. Mission.
Parameter Unit X-57 Maxwell Beechcraft 76 Beechcraft 1900
q Ib/ft? 61.48 72.44 -
Vy KEAS 150 153 -
N, - 6.12 5.7 45
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