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Abstract: The introduction of disruptive innovations in the transport aviation sector is becoming
increasingly necessary. This is because there are many very demanding challenges that the transport
aviation system will have to face in the years ahead. In particular, the reduction in pollutant
emissions from air transport, and its impact on climate change, clearly must be addressed; moreover,
sustainable solutions must be found to meet the constantly increasing demand for air traffic, and
to reduce the problem of airport saturation at the same time. These three objectives seem to be in
strong contrast with each other; in this paper, the introduction of a disruptive airframe configuration,
called PrandtlPlane and based on a box-wing lifting system, is proposed as a solution to face these
three challenges. This configuration is a more aerodynamically efficient alternative candidate to
conventional aircraft, introducing benefits in terms of fuel consumption and providing the possibility
to increase the payload without enlarging the overall aircraft wingspan. The development and
analysis of this configuration, applied to a short-to-medium range transport aircraft, is carried out
through a multi-fidelity physics-based approach. In particular, following an extensive design activity,
the aerodynamic performance in different operating conditions is investigated in detail, the structural
behaviour of the lifting system is assessed, and the operating missions of the aircraft are simulated.
The same analysis methodologies are used to evaluate the performance of a benchmark aircraft with
conventional architecture, with the aim of making direct comparisons with the box-wing aircraft
and quantifying the performance differences between the two configurations. Namely, the CeRAS
CSR-01, an open-access virtual representation of an A320-like aircraft, is selected as the conventional
benchmark. Following such a comparative approach, the paper provides an assessment of the
potential benefits of box-wing aircraft in terms of fuel consumption reduction and increase in payload
capability. In particular, an increase in payload capability of 66% and a reduction in block fuel per
pax km up to 22% is achieved for the PrandtIPlane with respect to the conventional benchmark, while
maintaining the same maximum wingspan.

Keywords: box-wing; PrandtlPlane; disruptive aircraft; innovation; future aviation

1. Introduction

In the near future, the aviation industry will have to face several challenging tasks; the
most relevant issue is related to the environmental impact of transport aviation, which has
to drastically reduce its pollutant footprint and its impact on climate change [1-6]. At the
same time, the demand for commercial air transport is growing quickly [7-10], whereas
airports are gradually addressing saturation problems using aprons [11]. Meeting the
growing demand for flights and reducing the environmental impact of air transportation
seem to be contrasting objectives of aviation research and industry; a possible way to face
this problem is to explore and study disruptive technologies, both in the field of propulsion
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and aircraft design. Regarding propulsion, several studies are dedicated to the analysis and
design of new types of engines, alternative to the conventional internal combustion one,
such as hybrid and electrical powertrains [12-17]; also, alternative energy sources to fossil
fuels, such as hydrogen [18-21] or biofuels [22-24], are currently under study. Regarding
aircraft development, studies have been conducted on the optimisation of the tube-and-
wing aircraft to reach the maximum potential of the conventional configuration [25-28], but
great effort is currently dedicated to the study and development of new unconventional
architectures [29-34], such as the blended wing—body configuration [35-37] or the joined
wings architecture [38,39], which may represent a real breakthrough in aircraft evolution.

In this paper, the focus is on an unconventional configuration called PrandtlPlane [40—43],
a concept based on the box-wing lifting architecture, which is represented in Figure 1; for
the PrandtlPlane (PrP) configuration, the box-wing is designed according to Prandtl’s
“best wing system” theory [44], which allows one to minimise the induced drag of the
lifting system [45,46]. This configuration has been extensively studied in the PARSIFAL
project [47,48], a research project funded by the European Commission in the framework
of the Horizon2020 program.

Figure 1. Artistic views of PrandtlPlane aircraft of different categories: ultra-light amphibious
(left) [43], executive class (centre) [49], hybrid electric regional airliner (right) [15].

Some of the main challenges that will be faced by aeronautical research in the near
future are summarised in Table 1, together with some general possible solutions.

Table 1. Challenges ahead for the transport aviation and related general solutions.

Challenge Possible Solution

To meet the large air traffic demand increase expected in the coming
years, in particularly for short/medium routes [7] *.

To design an aircraft with an increased cabin capacity
compared to the present aircraft operating on
short/medium routes.

To avoid airport saturation problems, already relevant today [11]. To limit the size and overall dimensions of the aircraft.

To reduce the environmental impact of the aircraft [2], thus
minimising fuel consumption per passenger.

To increase the aerodynamic efficiency as much as possible
and/or to adopt new types of propulsion (i.e., electric
or hydrogen).

* The forecasts used as reference were provided before the COVID-19 outbreak; the pandemic will have a direct impact on the air traffic
demand and on the related forecast. The main consequence is related to a shift-forward of the peak increase in the demand with respect the
previous market outlooks. However, the overall scenario is supposed to be the same, in a delayed time scale.

To effectively address the issues ahead, aircraft configuration must comply with the
three indicated solutions at the same time. Concerning the issue of the saturation of airport
areas, it should be pointed out that using larger existing aircraft to reduce the number of
flights does not represent a solution to the problem; for example, using an Airbus A350 in
place of two Airbus A321s on medium-haul flights (leaving aside the fact that A350 aircraft
are not designed to accomplish these missions) would reduce the number of slots occupied,
but the size of the Airbus A350 would require the occupation of a much larger apron (ICAO
Aerodrome Code C: max wingspan 36 metres vs. ICAO Aerodrome Code E: max wingspan
65 m) and taxiway. It is clear that this operation does not bring any advantages. On the
contrary, it would imply further disadvantages, considering the fact that the majority of
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worldwide airport slots are represented by ICAO C aprons, while there are significantly
fewer ICAO E aprons [50].Wingspan definitely plays a key role in ground operations, as it
is constrained by the standardised dimensions of the apron and taxiways.

The general solutions proposed to the three challenges presented above indicate that
a technological step forward is necessary for commercial aviation aircraft: it is difficult to
try to solve these problems through the adoption of aircraft with conventional architecture
and/or conventional propulsion system [51].

In this work, a suitable solution to the presented challenges is proposed through
the introduction of the non-conventional PrandtlPlane architecture, while aspects related
to innovative propulsion systems are not considered; in particular, a detailed analysis is
conducted to answer the question: “can the introduction of the PrandtlPlane configuration
be a possible solution to face the challenges of commercial aviation in the near future?”

The PrandtlPlane configuration is a candidate to satisfy the three challenges previously
presented; in particular, considering the short/medium-haul market sector, it allows:

1.  The transport of a larger number of passengers compared to the present aircraft
operating on medium routes, by exploiting the increased lifting capacity of the box-
wing system, and using a new fuselage design, in order to increase the number of
travellers without increasing the number of flights;

2. The exploitation of the increased lifting capacity of the box-wing to design an aircraft
with the same overall dimensions, in particular of wingspan, of present aircraft
operating on short/medium routes, while improving the passenger capability, in
order to avoid the increase in required apron space; namely, this requires the design
of a box-wing with wingspan limited to the standard related to short-to-medium-
route aircraft, i.e., maximum 36 m (ICAO Aerodrome Code C), to be compliant with
the airport infrastructure (aprons, taxiways), but at the same time, to transport a
larger payload;

3. The exploitation of the box-wing architecture designed according to the “Best Wing
System” theory to maximise the aerodynamic efficiency; indeed, a properly designed
box-wing aircraft allows one to theoretically minimise the induced drag, by exhibiting
Oswald factor efficiencies larger than 1 [45], as well as to increase the lifting capability
(i.e., to trim a larger weight), and thus to reduce the fuel consumption per passenger—
kilometre compared to conventional aircraft.

In this paper, first of all, the multidisciplinary design methodology adopted to develop
a short/medium-haul PrandtlPlane aircraft is presented by describing the multi-fidelity
design and analysis strategy implemented in detail. The main focus is given to the aero-
dynamic and structural design of the innovative box-wing lifting system, together with a
detailed assessment of the mission performance. Then, the PARSIFAL project case study is
presented and described in detail, starting from the definition of the design requirements to
the aerodynamic and mission performance evaluation. The box-wing aircraft performance
are then compared with those of a reference conventional tube-and-wing benchmark air-
craft; the performance assessment methods used are the same in both cases, to provide
direct and fair comparisons between two totally different aircraft architectures.

2. Design Methodology Description

The design strategy adopted for the development of the box-wing aircraft is schemati-
cally summarised in Figure 2; three main different stages were performed: a conceptual
design initialisation, a reference aerodynamic layout definition through aerodynamic op-
timisation and a subsequent model refinement and performance evaluation. These three
main blocks of the design process are detailed in the following.
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Figure 2. Multi-level aircraft design and analysis diagram (abbreviations used: VLM = Vortex Lattice
Method, FEM = Finite Element Model, CFD = Computational Fluid Dynamics).

2.1. Conceptual Design Initialisation

The first step of the initial conceptual sizing is represented by the definition of the
fuselage layout, its overall size, and the characterisation of the cabin section layout and
the internal arrangement; this is fundamental, because one of the main requirements to
be satisfied is represented by the maximum number of passengers: to accomplish this
specification, a proper fuselage design is needed to start the following aircraft design
process. Then, the conceptual design initialisation mainly consists of a rough evaluation
of the aircraft aerodynamic performance and the related estimation of the initial guess
of the maximum take-off weight. The inputs of the procedure are the Top Level Aircraft
Requirements (TLARs), namely the design payload and range, the operating conditions
and the size constraints. As far as the aerodynamic performance is considered, a simplified
model to estimate the aircraft drag was used by separately calculating the induced drag
coefficient, Cp;, the parasite drag coefficient, Cpg, and the wave drag coefficient, Cpyyape, Of
the aircraft (Equation (1)).

CD tot = CDi + CDO + CD wave (1)

The induced drag coefficient, Cp; , is estimated by considering only the lifting compo-
nents (Equation (2)); namely, the contribution of the front and rear wings are considered, as
the contributions to the induced drag of the vertical wings and the fuselage are neglected
at this stage.

_ Front Rear w Ey
Cpi=Cpi™™"+ Cp" + Cor— +Cor” @)

The induced drag coefficient, Cp;*™"8 , of each lifting component is evaluated by using
the relations of Equations (3)—(4), where C|, represents the wing lift coefficient, AR is the
related aspect ratio, and e is the Oswald factor. As the considered configuration is a box-
wing designed according to the Prandtl’s theory on the best wing system [44], the Oswald
factor, ¢, used in this phase is fixed equal to 1.46 [52]. Since the aircraft geometry does
not exist at this initialisation stage, some reference parameters must be set reasonably, as
indicated in the reference literature. This is the case for the Oswald factor, as, although it
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depends on the wings’ height to span ratio, h/b [44], it is set as equal to the theoretical
maximum value for a box lifting system [52]. This does not represent a misalignment,
since in the following design phases (Section 2.2) the Oswald factor is calculated for
each configuration considered (taking into account its geometrical and lift distribution
characteristics) by means of the VLM aerodynamic solver.

CpiV™ = kC? 3)

k = 1/(mARe) 4)

The parasite drag coefficient, Cpy, is evaluated by the equivalent skin friction model
described in [53]; namely, the Cpy ¢ of the aircraft is the sum of each aircraft component,
Cpp®™", evaluated by means of the formula of Equation (5).

Cpo™™ = Cp (S et / Sref) )

Cpo tot = LCp™™ (6)

where Cy, is the equivalent skin friction coefficient, equal to 0.0030 for civil transport aircraft
from the approximation reported in [53]; the same reference presents a simplified way to
estimate the components” wetted surface, Sye“"", both in the case of a wing component
(i.e., lifting surfaces, vertical tip-wing, tail, fin, Equation (7)) and cylindrical components
(i.e., fuselage, nacelle, Equation (8)):

Swet"8 = Sprposed [1.997 + 0.52 (t/c)] 7)

Swetcyl - 7 dcyll cyl (8)

where Sgyppseq 18 the planform area of the wing exposed to the flow, (t/c) is the wing
thickness-to-chord ratio, and d%%/ and I%/! are the diameter and the length, respectively, of
the considered cylinder. For aircraft cruising in transonic flight, the wave drag coefficient,
CDuwave, 18 fixed as constant and equal to 0.002, according to the Boeing definition of transonic
drag rise reported in [53].

Several simplified models are presented in the literature to evaluate the aircraft gross
weight in the very initial stage of the aircraft design. In this phase, to initialise the design
process, the aircraft maximum take-off weight, MTOW, is estimated by individually evalu-
ating the contribution of the payload weight, Wy, the fuel weight, Wy, and the operating
empty weight, W, (Equation (9)):

MTOW = Wpay+ W+ Woe ©)

where, concerning the payload, 95 kg per passenger is assumed ([54]), the fuel weight,
Wrel, is evaluated by using the well-known Breguet formula [55], and the operating empty
weight, W, is estimated by the statistic interpolation of historical trends proposed in [53].

2.2. Optimisation Driven Preliminary Design

The main information obtained from the conceptual design initialisation is the first
estimation of the aircraft maximum take-off weight, which is useful to start the second
level of the aircraft design process (Figure 2). In particular, in this stage, the aerodynamic
design is driven by an optimisation procedure implemented in an in-house tool called
AEROSTATE [56-58]; the schematic representation of the AEROSTATE code is reported
in Figure 3.
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Figure 3. AEROSTATE workflow.

The general constrained aerodynamic optimisation problem addressed in this tool is
summarised in the following Equations (10)—(12):

e  Objective function

min(—L(x)/D(x)) (10)
e  Set of inequality constraints
glx) =0 (11)
e  Design space
Ib < x < ub (12)

where the objective function to be minimised is the -L/D ratio, which is equivalent to the
maximisation of the aerodynamic efficiency (lift-to-drag ratio) evaluated in a reference
point of the cruise (e.g., the 25% of the stage length); the optimisation is constrained by
a set of inequality constraints g(x); the design variables x, limited by lower and upper
boundaries (Ib and ub, respectively), are reported in Figure 4.

N
Ciant € post
=
rau! ant rposi
Aom ant Apos!
Ain ant
Ck ant
Y 1—‘in ant
X,
T ant Cant bk ant

/ Xy post €y post

Figure 4. Design variables of the aerodynamic optimisation.
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The optimisation tool allows one to introduce constraints to search feasible configura-
tions, from aerodynamic and aeromechanic standpoints; the set of inequality constraints
are summarised in Equations (13)—(19):

e  Vertical trim

Wies—er < L(x) < Wyeter (13)

e Longitudinal static stability

SSMmin < SSM(x) < SSMax (14)

e  DPitch trim

—&M < CM(.?C)

IN

EM (15)

e  Max local lift coefficient

max(c;(y, x)) < &y (16)
e  Wing loading constraints
(L/S)min < (L(x) wing/s(x)wing) < (L/S)max (17)
e  Taper ratio
)\](x) <1 (18)
e  Relative wings position
ront wing ront wing rear wing
o tip +C);ip < Xppp TOX (19)

where Wy, is the input design weight; SSM is the longitudinal static stability margin; Cy; is
the pitching moment coefficient; ¢;(y) is the spanwise distribution of local lift coefficient and

Ciry is the related threshold value; (meg /

Swing) is the i-th lifting surface wing loading; A;
is the j-th wing bay taper ratio; x| 4, is the longitudinal position of the wing tip leading
edge; cyjp is the wing tip chord; ¢ is a tolerance. Several details about the optimisation
procedure and algorithms implemented in the AEROSTATE tool are described in [58-60].
This tool evaluates the lift-to-drag ratio at the reference design point by estimating the
overall drag, as reported in Equation (1); nevertheless, in this case, the geometry of the
lifting system is known, as it is computed at each iteration of the optimisation process,
so the parasite drag coefficient of the wing components, CDOWi”g (i.e., front/rear wing,
vertical tip-wing, fin), is computed by integrating spanwise the airfoil drag contribution, as

expressed in Equation (20):

1

C Wing __
DO Sref

b
/_b Cp pit(y) c(y) dy (20)

where the function Cpg,;; = f(Re, M, Cpz;) is calculated by Xfoil [61] and is provided as
input to the procedure, S, is the wing reference surface, and c(y) is the spanwise chord
distribution. The Cpyf" is computed by means of the component build-up method described
in [53]; in particular:

CDOFMS = Q Cf FF Sref

(21)

where the friction coefficient, Cf, the form factor, FF, and the interference factor, Q, are
reported in [53]. Concerning the lift induced drag, once the design weight is defined as
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an input, the optimiser uses a Vortex Lattice Solver to evaluate the vertical trim condition
(Equation (13)), and so extracting the aircraft Cy 4, and Cp; values. The solver used is the
Vortex-Lattice-based AVL [62], and a typical representation of a box-wing configuration
within this solver is reported in Figure 5.

S

Figure 5. AVL model for a box-wing configuration.

As it is chosen to represent the fuselage as a flat plate in AVL, the vertical trim is
evaluated in AVL with the fuselage always aligned to the flow; namely, the trim is solved
with the angle of attack o = 0°, and by acting on the wings’ twist distributions, so as to not
introduce the lift-induced drag coming from the simplified fuselage modelling.

Additionally, in this second block of the design process, the maximum take-off weight
of the aircraft is evaluated by means of the breakdown described by Equation (9); again, the
payload and the fuel weight are calculated as described in Section 2.1, while the operating
empty weight is subdivided as follows:

Wye = WWings + WPus + WEng 4 WSys + WOper (22)

where WWings represents the weight of the lifting system, W' is the fuselage weight,
WE” is the engine weight, W/ represents the weight of the on-board systems, and WOP¢
represents the weight of the aircraft operating items. As the geometry of each configuration
designed in this phase is known, single contributions can be estimated by means of slightly
more accurate methods than those used in the initialisation phase; in particular, the wing
weight and the systems and operating weights are estimated by means of the method
proposed in [63], and the fuselage weight and the engine weight are evaluated by means of
the methodology used in [64]. During the optimisation, these estimations are also useful to
evaluate the centre of gravity position, and so to evaluate the constraints concerning the
pitch trim and the longitudinal stability.

At the end of the process, it is possible to select an aerodynamic layout provided in
output from the optimisation process, and to re-estimate the maximum take-off weight by
means of Equations (9) and (22); if this value differs from the input provided by the starting
initialisation within a prescribed tolerance, the procedure is iterated until the convergence
is reached (Figure 6).

Transonic Aerodynamic Assessment: Level 1 and 1/2

If the design process involves transonic aircraft, such as commercial medium/long
range airliners, it is necessary to provide some information about the transonic behaviour
of the lifting system from the conceptual stage of the design. This aspect is relevant as, after
a specific condition in transonic flight called drag rise, the aircraft performance deteriorates
severely; in particular, for certain combinations of cruise Mach number, trim lift coefficient
and wings geometry, a massive drag increase occurs; this is caused by the rise in shock
waves (wave drag contribution), and by the interaction of these waves with the boundary
layer, that thickens until local separation is reached, causing increases in pressure drag.



Aerospace 2021, 8, 292

9 of 37

The drag rise condition needs to be avoided in the whole standard operating envelope of an
aircraft. However, the transonic phenomena are very difficult to be detected and properly
described by the low-fidelity methods that are typically used in the conceptual stages of
the design process to provide fast and adequately reliable assessments. This because the
transonic phenomena strictly depend on the local geometry of the wings, on the airfoil
shape, on the joints and on the fillets” design; moreover, transonic fluid physics is strongly
three-dimensional and exhibits strong coupling and interaction between the boundary
layer and the sonic phenomena such as shock waves. It is evident that potential methods,
such as the VLM, cannot predict any of these physic phenomena, as they are not designed
to take the fluid compressibility (and so the shock waves) and the fluid friction actions
(and so the boundary layer) into account. In the literature, some simplified methods are
provided that take transonic effect into account in the early stages of the design process:
in [65], a quasi-3D model is presented, which couples a VLM solver with a strip model
considering 2D airfoil transonic performance computed by means of a CFD solver; in [66],
the wave drag coefficient is estimated by means of semi-empiric formulae provided by the
Korn-Locke method. Although these methods are useful to identify relevant correlations
between the aerodynamic performance and some macro-parameters (such as the airfoil
shape, the wings’ sweep angles, the thickness distribution and the local lift coefficient),
they may fail to provide reliable absolute performance prediction to be used with enough
confidence in the conceptual design phase. In other words, with these models, we cannot
ensure that a specific design coming from the Level 1 stage of the design process (Figure 2)
is far from the drag rise conditions; this may compromise the development of the design, as
it is possible to specifically evaluate the transonic performance only at Level 2 stage of the
design process (Figure 2), where higher fidelity methods as CFD RANS solver are used. To
avoid that, the design of configurations at Level 1 may present possible transonic issues at
Level 2, and so to prevent restarting the design process from the beginning, a preliminary
transonic assessment was performed for the specific design problem described in Section 3.
In particular, a CFD campaign was carried out to improve the knowledge on the transonic
behaviour of the box-wing lifting system, and to obtain information and data to calibrate
the Level 1 aerodynamic optimisation set-up (design variables boundaries, aerodynamic
constraints), with the aim of designing configurations that are confidently far from the drag
rise condition; as this high-fidelity assessment was useful in properly tuning the Level 1
design stage, this procedure can be used as a Level 1 and 1/2 block, parallel to the Level 1
design block.

MTOW (Level 0)

l

Starting geometry

|

= Aerodynamic

~ . . .

~ Optimization

.-

=

2

p l

k=

,S* MTOW* evaluation

to Level 2

Figure 6. Level 1 sizing procedure scheme.
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Steady compressible RANS simulations were used to investigate the box-wing in
transonic flight, and the performance correlation with some relevant parameters; in par-
ticular, a focus on some macro parameters together with an analysis on some local effects
have been provided, as described in [67]. The airfoil that was selected to be used for the
box-wing is a supercritical profile and it is not considered as a design variable. Concerning
the macro parameters, major effort was given to the role of the wing loading (Figure 7) and
to the wings’ sweep angles; the effect of cruise Mach was investigated as well.

“fron

_ o —_—
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Figure 7. Wing loading variation effect on flow over the front wing (Mach contours @M, = 0.79).

Some local geometrical parameters were identified as more influential with respect
to the transonic drag increase; in particular, the twist distribution in the tip zone of the
front wing proved to be crucial to be properly set in order to avoid detrimental shock-
induced drag increase (Figure 8 (left)). The load of the front wing tip region is enhanced
by the aerodynamic behaviour of a positive swept wing; moreover, differently from a
conventional wing in which the tip is free, for the box-wing, there are flow accelerations on
the fillet with the vertical wing, which ease the flow to reach sonic conditions. The opposite
happens for the rear wing, as the aerodynamic behaviour of the forward swept wing leads
to a spanwise enhancement of the lift coefficient in the root zone; moreover, in the root
zone, there is a significant straightening of the isobars, as the rear wing is not directly
constrained to the fuselage: this effect reduces the aerodynamic sweep of this portion of
wing. These two features of the forward swept wing can lead to transonic issues in the root
zone (Figure 8 (left)).

This qualitative information was then used to properly tune the Level 1 optimisation
framework for the preliminary aerodynamic design. A conservative design approach
was chosen for this stage; in particular, a set of constraints and boundaries for the de-
sign variables was identified to allow the optimiser to design configurations that are
confidently far from the detrimental transonic drag increase effects. For the design case
described in Section 3, concerning a medium range transport box-wing aircraft, the bound-
aries/constraints selected are summarised in Table 2.



Aerospace 2021, 8,292 11 of 37
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jach Number
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]

Figure 8. Local transonic critical issues (left); box-wing without transonic issues (right). Mach
contours referring to freestream Meo = 0.79.

Table 2. Level 1 and 1/2 calibration of the preliminary aerodynamic optimisation.

Front wing loading, Lgout/Sgront <600 kg/m?
Rear wing loading, Lyear/Srear <600 kg/ m?
Front wing sweep angle, Ago >35°
Rear wing sweep angle, Aesr free
Cruise Mach <0.79
Front wing tip twist angle, Gfrontti” <—1°
Rear wing root twist angle, O rear™t <+1°
Spanwise local lift coefficient, c;(y) <0.7

2.3. High-Fidelity Performance Assessment
2.3.1. Aerodynamic Performance

In the third phase (Level 2, Figure 2), the aerodynamic layout provided by the op-
timisation process was subject to refined analysis, concerning aerodynamics, structural
sizing, weight estimation and performance assessment. First of all, the information gained
through the design process allowed one to generate the 3D CAD model of the box-wing
aircraft (Figure 9).

Figure 9. CAD model of the reference PrandtlPlane.

The designed configuration was available to be processed for detailed aerodynamic
analysis. The high-fidelity aerodynamic assessment was performed by means of CFD
simulations; drag polar curves were obtained by simulating the steady aerodynamics for
different flight conditions, representative of the relevant operating conditions during the
mission. The solver adopted was a steady compressible RANS with the k-¢ turbulence
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model; the volume mesh was composed of a prism layer of 20 layers with a growth rate
of 1.1, and tetrahedral cells outside; the volume mesh size typically adopted was about
20 million cells for the half model, as a symmetry condition with respect to the longitudinal
plane was applied. The software used to perform the computations was ANSYS Fluent [68].
In Figure 10, an example of the surface mesh is represented, and in Figure 11, an example
of postprocessing of results is proposed.

Figure 10. Surface mesh details (aircraft half-model).

Mach
Number

Pressure
Coefficient

114

1.00
0.80
0.60

0.40

-0.67 0.20

0.00
Figure 11. Example of postprocessing.

To reduce the computational cost, the component modelled was the wing-body
assembly, while the drag of the vertical tails and engine nacelles were evaluated with the
simplified models described in [53]. The solution chosen for the vertical tail assembly was
a V-tail configuration; this has been shown to be necessary to alleviate potential flutter
issues [69], as reported in [70-72]. This solution proved to be effective in meeting the
flutter requirements in the case of the aircraft described in this article, as reported in [73].
The sizing of the V-tail was carried out with the aim of satisfying the directional stability
requirements, as described in [74]; the flutter assessments were carried out subsequent to
this sizing.

2.3.2. Structural Design and Mass Estimation

The mass breakdown was updated in this phase; in particular, the refinements regard
the structural mass evaluation. As the simplified methods used to estimate the operating
empty weight (and so also the structural weight) in the first two design stages are mainly
referred to as statistical extrapolations concerning the structural data of classical aircraft
architecture (tube-wing-tail), it was necessary to introduce specific physics-based models
to evaluate the box-wing aircraft structural mass. The structural behaviour of a box-wing
is very different from that of a conventional aircraft, concerning both the lifting system
and fuselage structures. The main difference is related to the fact that the box-wing lifting
system is over-constrained to the fuselage, as the main wing of a conventional aircraft is a
statically determinate cantilevered lifting surface. The fuselage is a doubly supported beam
in the case of a box-wing, borne in correspondence of the front and rear wing connections,
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Input
Geometry

differently from the case of the conventional monoplane. To properly size and design
the aircraft structural components, an in house-tool called WAGNER [75] was developed;
the main goal of the WAGNER tool is to provide the preliminary structural design of
the aircraft concerning the wings, the fuselage and the tailplanes’ structural components.
The sizing procedure relies on an FEM-based solver, namely the ABAQUS commercial
software [76]; the WAGNER tool provides the automatic generation of the 3D geometry of
the aircraft structures and the mesh of the structural components, such as stringers, frames,
ribs, pressurisation bulkheads, floor beams and struts (Figure 12); the load cases’ setting
and computation through an ABAQUS solver (Figure 15); and the postprocessing of the
results (Figure 16).

S e

Figure 12. Typical Finite Element mesh of a PrP configuration (aircraft half-model) with some
structural details.

The WAGNER code follows the sizing scheme reported in Figure 13; the main input is
represented by the geometry from the Level 1 block of the design process.

Skin, Frames, Stringers, Floor

Beams and Struts, Bulkheads Skin, Ribs, Stringers, Spars

I T

Fuselage Structures | | Fuselage-Wings-Fins Lifting System Structural
Sizing Assembly Structures Sizing ) Mass

Pressurization

Inertial loads
External loads
Aero loads
Inertial loads

L_{ Structural Optimization | |
min( Z%il \N\iviug structure (t) )

Figure 13. WAGNER structural sizing workflow.

The first step of the structural design workflow of Figure 13 provides the fuselage’s
structural sizing: the structure is modelled with shell elements for the skin, whereas
stringers and frames are modelled with beam elements. The FE model of the fuselage is
delimited by the end bulkheads, modelled as flat panels stiffened by beams in both radial
(stringers) and circumferential (frame or ring) directions. Secondary structural parts of
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the fuselage are considered as concentrated masses linked to the bulkhead structure (e.g.,
tail-cone) by means of multipoint constraints. Concentrated masses are also used to model
landing gears and fuselage-mounted engines, connected to fuselage main frames. Finally,
non-structural masses are spread over the mesh elements to account for the weight of pay-
load, systems and operatings [63], as well as for doors, windows and special reinforcement
structures [77,78].

Concerning the loading conditions for fuselage structural sizing, combined pressurisa-
tion and inertial loads are considered; limit and/or ultimate pressure are superimposed to
gravity load related to load factor, 11;, ranging from —1 to +2.5. The sizing criterion is that
the equivalent stress should be less than the allowable stress, with the latter being given
by the yielding stress of the material divided by an appropriate safety factor, which usual
standards require to be at least equal to 1.5. Figure 14 shows the global FE mesh of a half
fuselage together with some example contour plots of stress and deformation induced by
pressurisation and gravity loads.

s,

, Mises
Hltiple section points.
(Avg: 75%)

Figure 14. FE mesh of half a fuselage and example of contour plots of stress and deformation induced
by ultimate pressurisation and gravity load with n, = +2.5 (deformed scale factor: 20).

The second step concerns the assembly of the fuselage with the lifting system; the
WAGNER software models the wings’ geometry and meshes the structural components;
the arrangement of structural components, such as frames and stringers pitch, is provided
in input by reference cases available in literature for transport box-wing [79,80]; referring
to Figure 12, the front wing is fixed to the fuselage by means of surface-based constraints;
in particular, the spar webs (front and rear) are fixed to the main frames of the fuselage,
while the ribs of the front wing are fixed to the floor beams. The same type of connection is
used to attach the fin structure to the fuselage. Then, the lifting system structural sizing is
performed; in particular, the wings’ structural design is carried out by only considering
static loads, according to a loading condition corresponding to a pull-up manoeuvre in
cruise (M = 0.79, h = 11,000m, n, = 2.5, W = MTOW); qualitatively, two constraints are
imposed into the sizing procedure: (1) the wing-tip deflection, intended as the maximum
deflection occurring in one of the main wings, should be such that large displacements
are avoided; (2) the structure must support the limit load (given as a combination of
aerodynamic and gravity loads) within the elastic field, so the equivalent Von Mises stress
in both wings is constrained to be lower than the yielding stress of the material (divided
by a safety factor) [81]. The aerodynamic loads, such as the spanwise lift distribution on
the lifting surfaces, are provided as inputs from the AVL code. The wing structural sizing
process is integrated into an optimisation procedure; the objective function is the structural
mass of the lifting systems, W@8 stricture (Equation (23)); the constraints are those related



Aerospace 2021, 8, 292

15 of 37

to structural stiffness, expressed as a maximum limitation on wings’ tip displacement,
(55177 (Equation (24)), and structural strength, expressed as maximum limitation on the
equivalent stress, qu (Equation (25)), for the i-th wing; the design variable is the vector ¢ of
the thicknesses of the k-th structural component of the i-th wing t; (Equation (26)).

e  Objective function

N .
min<zwiwmg structure (t)) (23)
i=1
e  Stiffness constraint
sy < o — Kyl 24
i (1) < Oyax = tips (24)
e  Strength constraint
o1 (t) < omax/ksr (25)
e Design variables
t =ty (26)
e  Design space
tmin< tix < tmax (27)

In Equation (24), the maximum wing tip displacement, JRTAX, is defined as a fraction,
kiip, of the half-wingspan, b/2; ki;, is considered equal to 0.1 for all the analyses carried
out. In Equation (25), op4x is fixed as equal to the yielding stress of the material, and
ks is the safety factor; kgr is set to 1.5. The wings are divided in a primary structure, i.e.,
the structure in which all the loads are concentrated, namely the wing-box consisting of
upper/lower stiffened panels, spars, ribs, and in a secondary structure, mainly composed
of components related to fixed leading/trailing structure and movables installation. The
FEM-based sizing only involves the primary wing structure, as the secondary structures
are evaluated by the method presented in [82] and are modelled in the FEM as distributed
mass properly placed spanwise (Figures 15 and 16).

Figure 15. Secondary structures of the box-wing lifting system and aerodynamic forces (aircraft
half-model).
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Figure 16. Example of deformed shape of the PrP configuration and Von Mises stress on both wings
(aircraft half-model).

The output of the procedure is a complete structural mass breakdown of the main
structures of the aircraft; the evaluation of non-structural components, i.e., cabin furnish-
ings, on-board systems, etc., is performed in WAGNER by using the model described
in [63]. The final output of the WAGNER tool is represented by the total mass of the
configuration and the related components’ breakdown, the coordinates of centre of gravity
and the components of the inertia tensor.

2.3.3. Mission Simulation

The information collected in the Level 2 stage, concerning the refinement of the weight
estimation and the aerodynamic performance assessment, are useful to integrate in an
in-house-developed mission simulation tool; this simulator allows one to estimate rele-
vant output regarding the aircraft mission performance; in particular, the main outputs
achievable from the simulation are the range and the related fuel burnt, for every mission
inside the payload-range envelope of the aircraft. The mission performance is computed by
integrating the equation of motion of the aircraft [55,83]; the reference mission is divided
into taxing, take-off, climb, cruise, descent and diversion (Figure 17).

Euler integration
t+ At

Input:
Aero perfo. Co=£(Cr,M)
Flight programme
Engine perfo. TSFC

Taxing

Simulation output:

*  Flight parameters (Ah, Ax, V, etc.)
*  Forces update (W, D, L, T)
Fuel flow

S
L
\ Mission
ﬂ D
\ Step
[ \
W Cruise 3 i
¥ Diversion
i

%
N
%

Take-off Landing

Figure 17. Mission simulation scheme.
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Altitude [m]

12000

Each mission segment is subdivided in timesteps At; the equations of motion are inte-
grated by using the Euler algorithm, as reported in Equation (28) for a generic parameter k:

k(t+ At) = k() +k (£)At (28)

The inputs for the simulation process are, for each time step: the aircraft’s aerody-
namic performance, expressed as response surfaces of the drag as a function of lift and
flight condition (Cp = f(Cy, M), derived by the CFD simulations results); the initial mass
breakdown, depending on the payload and on the initial fuel mass; the flight programme
for each mission segment; the main performance of the propulsion system, namely the
thrust specific fuel consumption, TSFC. The simulation models used for each mission stage
are briefly described in the following:

e  The taxing fuel consumption is extrapolated by the data reported in [84]. The take-
off phase was simulated by integrating the equation of motion of the aircraft in the
longitudinal plane, also considering its pitch dynamics; the take-off simulation and
analysis procedure used in this work is widely described in [85];

e  The climb phase was simulated by integrating the equation of motion of the aircraft
considered as a point mass in the longitudinal plane:

tany = r-»o (29)
L

x = Vcosvy (30)

z = Vsinvy (31)

W = —TSFCT (32)

The climb programme was set as suggested in [86], namely by dividing the climb
into segments flown at constant IAS or Mach number; the reference climb programme
selected is “250 kt/300 kt/Mcryise”- According to this programme: (1) the aircraft flies at
IAS equal to 250 kt until it reaches an altitude of 10,000 ft; (2) the aircraft accelerates in an
almost level flight until the IAS is 300 kt, and then flies at this speed until the crossover
altitude (the crossover is defined as the altitude where the current Mach reaches the target
cruise Mach); (3) the aircraft flies at a constant Mach number until it reaches the cruise
altitude. During the climb, the aircraft changes its altitude, so its TAS increases as depicted
in Figure 18 (left); an example of the aircraft climb trajectory is depicted in Figure 18 (right).
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4 10000
8000

6000 |
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Figure 18. Reference climb programme.
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e  The cruise phase was simulated by integrating the equations of steady and level flights
for the aircraft point mass model (Equations (33)—(35)); a constant altitude (z ) = 0 and
constant speed (x = V = constant) flight programme was considered; the simulation,
taking aircraft aerodynamic performance and cruise length into account, provided
stepped cruise programmes if it resulted in performance gains.

L = Wg (33)
T =D (34)
W = —TSECT (35)

e  The descent starts at the cruise altitude and ends at an altitude of 1500 ft; the equations
of motion are obtained for the climb, and in the same manner, the flight programme for
the descent is made by segments at constant IAS or Mach number [85]; the reference
selected programme is “Mcryise /300 kt/250 kt”, namely: (1) the aircraft flies at a
constant Mach number from the cruise altitude to the crossover altitude; (2) the
aircraft flies at IAS = 300 kt from the crossover altitude to an altitude of 10,000 ft;
(3) the aircraft decelerates in an almost level flight until the IAS is 250 kt, and then flies
at this TAS until an altitude of 1500 ft is reached.

e Concerning diversion and loiter, analogous considerations about climb, cruise and
descent were implemented.

3. Results of the Design Process
3.1. Input Data

The design methodology described in Section 2 was applied to the design case of a box-
wing transport aircraft; in particular, the specific case of the PARSIFAL project [74,87-89]
is presented.

To initialise the whole design process, it is necessary to define the Top Level Aircraft
Requirements (TLARs). For the case study, the main TLARs are summarised in Table 3.

Table 3. PrandtlPlane main TLARs.

Max n° of passengers 310
Design range 5000 km
Cruise Mach 0.79
Initial Cruise Altitude 11,000 m
Max Wingspan 36m

The selection of TLARs for the PARSIFAL case is widely described in [90]; in particular,
the aim of introducing the PrandtlPlane as an alternative to conventional tube-and-wing
aircraft follows two main design drivers, provided by the forecasts for the commercial air
traffic scenario of the future:

e A huge increase in air traffic, especially on short/medium routes (up to 5000 km) [8]
is expected;
e At the same time, relevant problems of airport saturation are forecasted [11].

To address these contrasting objectives, the expected higher lifting capability of a
box-wing architecture is exploited; in particular, the aim of this design study is to develop
an aircraft with an increased payload (up to 310 passengers), but the with same overall
dimensions (compatibly with airport apron constraints) of the conventional competitor
currently operating in the sector of the medium routes (e.g., Airbus A320 family or Boeing
737 family). The maximum wingspan is limited to 36 metres, compatibly with the apron
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constraint provided by the ICAO Aerodrome Reference Code “C” [91]. Moreover, as the
main objective for the commercial aviation of the future is to drastically cut the noxious
emissions, the result of this design will be satisfactory only if a significant pollutant emission
reduction is provided; this is theoretically possible by exploiting the expected better
aerodynamic performance of the box-wing system. To properly assess the performance
comparison with a conventional aircraft, it is necessary to identify a proper benchmark;
the conventional benchmark selected is the CeRAS CSR-01 [92], a short/medium-range
aircraft developed in the framework of the project CeRAS (“Central Reference Aircraft data
System”, [93]); the CeRAS project provides an open-access platform in which designs,
geometries, data and procedures relevant to the CSR-01 configuration (CeRAS Short Range
version 01, Figure 19) are collected. The CeRAS CSR-01 is a virtual simulacrum of an aircraft
similar to the Airbus A320 [94] in terms of key features (Table 4), dimensions, payload
and utilisation.

Figure 19. CeRAS CSR-01 configuration.
Table 4. Main features of the CeRAS CSR-01.

Ref. wing area 122.4 (+32.2 %) m?
Design range 5000 km
Max n° pax 186
Wingspan 341m
Fuselage length 37.5m
Cruise altitude 11,000 m
Cruise Mach 0.79

* Horizontal tail.

3.2. Conceptual Design and Reference Layout Selection

As the TLARs for the box-wing design have been defined, the first level of the design
process is performed, providing the fuselage design and the general information to ini-
tialise the aerodynamic optimisation in the Level 1 block of the design process (Figure 2).
Concerning the fuselage design, the focus is mainly on the external shape, the cabin section
layout and the internal arrangement, as the main design driver is represented by the target
number of passengers. For the PARSIFAL case study, the fuselage of the box-wing aircraft
was selected with the following main features: a double-aisle cabin section was selected,
with a 2-4-2 seats layout (Figure 20(left)); the fuselage length is set equal to 44.2 m, similar
to the longest fuselage of a competitor operating in the medium range sector (Airbus A321);
the cabin section external shape is near-elliptical, following the studies provided in [95].
This fuselage, arranged in a high-density layout, is able to transport a number of passengers
equal to 308 (Figure 20 (right)).

Previous designs of wide body fuselage for box-wing aircraft were proposed
in [40,96,97]; however, in the case of PARSIFAL, some actions to prevent penalisations
in terms of turnaround time with respect to conventional competitors were provided, such
as the introduction of enlarged aisles and of an extra boarding/de-boarding path; both
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these aspects are highlighted in Figure 21, and their effects on turnaround time are widely
discussed in [98,99]. In particular, the data provided by the simulations described in [98,99]
show that the introduction of the PrP in the same sector as the A320-type aircraft implies a
slight increase in turnaround time (+11% outstation, +25% full service) against a relevant
increase in payload capacity (+66% passengers, +71% containers); these results were ob-
tained by considering the same apron space (ICAO Code “C”) for the two aircraft. The
abovementioned simulations take all the main aspects of airport operations into account,
from passenger arrival at the terminal to aircraft take-off.

B S S E S
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Figure 20. Cabin section layout (left); cabin arrangement (right).

Figure 21. Cabin layout comparison between the PARSIFAL solution and a conventional single-
aisle aircraft.

Once the fuselage is defined, the next step required to initialise the design process
(Level 0) is to identify the main characteristics of the lifting system to apply simplified
models for the estimation of the aerodynamic performance; to define an initial study case,
a wing loading similarity was set between the box-wing and the CeRAS: in particular, to
define the initial lifting system surface, the same wing-loading of the CeRAS was selected
for the box-wing. By using this assumption in the relations of Equations (1), (4) and (6) for
the initial aerodynamic evaluations and Equation (9) for the rough weight estimation, as
described in Section 2.1, the data were obtained as input to initialise the second stage of
the design process (Level 1). In this phase, several layouts of the box-wing aircraft were
evaluated by means of the aerodynamic optimisation described in Section 2.2; at the end of
the process, the output selected for the final performance analysis is represented by the
configuration reported in Figure 22, whose main features are described in Table 5.

As detailed aspects related to the aeromechanical analysis of the box-wing aircraft
may be out of the context of this paper, it is worth noting that such aspects have always
been taken into account during the development of the aircraft. Specifically, general
aspects of aeromechanical behaviour in the longitudinal plane of box-wing aircraft are
extensively reported in [87]; a detailed summary of the design of the lifting system, with
a focus on stability and controllability requirements, is given in [56]. The methods used
to assess the aeromechanical characteristics of box-wing aircraft are extensively reported
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in [87]; the approach used in the study involves a multi-fidelity approach, starting from the
use of literature models [100], passing through extensive analysis campaigns with VLM
solvers [58,74], up to the verification of requirements with CFD [74,88].

|

2
2 [m)

y[m]

Figure 22. Reference box-wing layout.

Table 5. Main features of the reference box-wing.

@ Design Point

M 0.79
R 11,000 m
L/D 21.62
CL 0.4473
Cp 0.02068
(L/S)front 604 kg/m?
(L/S)rear 477 kg/m?
(L/S)rear/(L/S)front 0.789
SSM 0.10

It is worth pointing out the result concerning the wing loadings ratio (L/S)rear/(L/S)front
reported in Table 5: this value is in agreement with what is reported in [58]: the parameter
(L/S)rear/(L/S)front is the key lever to provide the maximum aerodynamic efficiency for box-
wing aircraft compatibly with the constraints of static longitudinal stability and pitch trim;
the result is also in agreement with what is described in [101], i.e., it provides the maximum
performance in terms of Cp,,, in clean conditions (unflapped) for box-wing lifting systems.

3.3. Mission Performance Analysis

The selected configuration was analysed through the Level 2 block of the workflow
of Figure 2, by evaluating the aerodynamic behaviour and the structural mass in a more
refined way to properly analyse the mission performance.

The CFD simulation model presented in Section 2.3.1 was used to evaluate the box-
wing aircraft aerodynamics in different flight conditions; in Figure 23, the wing-body
aerodynamic efficiency curves (namely E = lift-to-drag ratio, L/D) versus the lift force
generated are reported for four different flight conditions.
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Figure 23. PrandtlPlane aerodynamic efficiency for different flight conditions.

Details of the aerodynamic performance in the cruise condition (M = 0.79 and h = 11,000 m)
is reported in Figure 24; in particular, Figure 24 (left) reports the cruise aerodynamic
efficiency for the wing-body assembly (CFD results) and for the whole configuration,
including the estimation of the parasite drag of vertical tail planes and nacelles ([53]
model); in this graph, some reference points are reported corresponding to the required lift
to trim the aircraft in some reference conditions, to highlight the aerodynamic efficiency
envelope of this configuration varying weight through the mission (MTOW = maximum
take-off weight; ZFW = zero fuel weight, WOE = operating empty weight, LF = cabin
load factor). In Figure 24 (centre) the Cp-Cy polar curve is reported, together with the
breakdown of the Cp contribution of each aircraft component; Figure 24 (right) reports the
viscous pressure breakdown of the polar curve.
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Figure 24. Details of the aerodynamic performance for PrandtlPlane in cruise condition; lift-to-drag
curves (left), Cp breakdown -aircraft components- (centre), Cp breakdown -viscous/pressure- (right).

The second main input to the mission simulation platform is the mass breakdown
of the aircraft; in the Level 2 stage, the structural sizing has been performed through the
FEM-based design and optimisation tool (Section 2.3.2); Table 6 reports the structural mass
breakdown for the reference box-wing configuration.
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Table 6. PrandtlPlane structural mass breakdown.

Component Mass (kg)
Front Wing 7166
Rear Wing 6614
Vertical Tip-Wing 460
Fuselage 11,230
Vertical Tail Plane 1026

By calculating the other mass components as described in Section 2.3.2, the total mass
evaluation of the reference box-wing conduces to a MTOW = 12,5126 kg, and a percentage
repartition in components mass as reported in Figure 25; following the [63] model, the
Systems category includes hydraulic, electric, pneumatic, fuel, engine, air conditioning,
anti-ice, flight control, load systems, APU, avionics and instruments; Operatings includes
cabin furnishings, cabin crew, crew seats, passengers seats, catering, emergency equipment,
toilet fluid, oil and documentation.

T Wyt 2% Fuselage: 9%l [payi5ad; 23%

\ Lifting system: 12% N

/ |Fuel: 22%

<« -

.
> — Operat;ngs‘.' 1/"l%
L Systems: 8% " —r .

Figure 25. PrandtlPlane mass breakdown: general (left), components detail (right).

Landing gear: 4%

The information on the aerodynamic performance and weight of the aircraft are neces-
sary to perform the mission simulations by means of the model described in Section 2.3.3.
The simulations allow one to compute the mission performance of the reference box-wing;
in particular, fuel burnt, range, flight time and other mission parameters such as time
evolution of instant fuel consumption, speed, height, weight, etc., can be extracted from
the simulation. Considering the box-wing harmonic mission, namely the mission with the
maximum range at the maximum payload, the main results obtained are summarised in
Table 7, and the main mission parameters are reported in Figure 26.

Table 7. Box-wing harmonic mission performance.

Number of passengers 308
Mission range 5722 km
Mission time 415 min
Mission fuel 21,844 kg
Total fuel 26,937 kg

Mission fuel per pax/km 0.01239 kg/km pax
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Figure 26. Box-wing harmonic mission height, aerodynamic efficiency and fuel flow evolution.

3.4. Box-Wing Performance Comparison with Respect to the Conventional Benchmark

The most relevant outcome of this work is the performance comparison between the
unconventional PrandtlPlane aircraft and a conventional tube-and-wing benchmark. As
reported in Section 3.1, the benchmark monoplane selected is the CeRAS CSR-01, a virtual
mock-up of an Airbus A320-like aircraft, thus operating in the same routes of the reference
box-wing; a top/front view comparison of the two aircraft is reported in Figure 27.

Figure 27. Views comparison between the PARSIFAL PrandtIPlane and the CeRAS conventional aircraft.

As far as the multilevel aircraft design and analysis diagram of Figure 2 is concerned,
the activity on the CeRAS CSR-01 was limited to the ANALYSIS block, as the design and
the geometrical characteristics of the aircraft are provided by the CeRAS database. Indeed,
to make fair comparison between the box-wing aircraft and the benchmark monoplane,
it is necessary to perform the aerodynamic, structural and flight analysis assessments
with the same methods, tools and degree of fidelity. So, the same CFD analyses, the FEM
based-structural sizing, the mass breakdown estimation and the mission simulation carried
out for the box-wing aircraft were also performed for the CeRAS CSR-01. Figure 28 reports
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20 1

CeRAS M=0.79 L/D

the comparison of the aerodynamic performance of the two configurations: the wing-body
aerodynamic efficiency (lift-to-drag ratio) curve trend with respect to the generated lift is
reported in four flight conditions. Focusing on the cruise condition, namely at M = 0.79 and
h =11,000 m, it emerges that the box-wing aircraft is able to generate a larger amount of lift
to trim larger weights, with a relevant increment in aerodynamic efficiency. Considering
the point of maximum aerodynamic efficiency, the box-wing aircraft exhibits an increase
in trim lift of +66% and a related increase in aerodynamic efficiency equal to +24%, while
satisfying the same constraint on the maximum wingspan of the monoplane competitor.
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Figure 28. Comparison of aerodynamic efficiency curves: PrandtlPlane vs. CeRAS.

Figure 29 shows the detail of the operating points (from MTOW to W) reported on the
aerodynamic efficiency curves for both the configurations; the dashed curves represent the
result corrected with the additional drag of fins and nacelles calculated by the approximate
method [53].
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Figure 29. Detail of cruise aerodynamic efficiency for the PrandtlPlane and the CeRAS.

Figure 30 and Table 8 report the relevant data of the mass breakdown for the two
aircraft; it is worth underlining that the fraction of the fuselage and lifting systems mass,
together with the overall operating empty mass fractions, are very similar for the two
configurations; the box-wing architecture does not introduce any significant penalisation
in terms of structural mass with respect the conventional tube-and-wing solution.
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Figure 30. Components mass breakdown comparison.

Table 8. Mass breakdown comparison.

CeRAS CSR-01 PrandtlPlane
Woe (kg) 42,054 68,866
Woe/ MTOW 54.7% 55.0%
quel (kg) 17,100 27,000
quel /MTOW 22.3% 21.6%
Wpay (kg) 17,670 29,260
Wpay/MTOW 23.0% 23.4%
MTOW (kg) 76,824 12,5126

The information on aerodynamic performance and weights were used as input for the
simulation of the harmonic mission of the CeRAS CSR-01 configuration; Table 9 reports the
main data relevant to the CeRAS harmonic mission together with the mission data for the
same range for the PrandtlPlane.

Table 9. Main mission data comparison.

CeRAS CSR-01 PrandtlPlane
Number of passengers 186 308
Mission range 4790 km 4790 km
Mission fuel 13,670 kg 18,108 kg
Mission fuel per pax/km 0.01537 kg /km pax 0.01227 kg/km pax

The main outcome of this comparison is that the PrandtlPlane solution allows one
to reduce the fuel consumption per passenger of a quantity equal to 20% with respect
to CeRAS, if the CeRAS harmonic range is considered. It is worth stressing the fact that
a conventional aircraft needs a larger wingspan to satisfy increases in MTOW as that
exhibited by the PrP. On the other hand, the PrP, while having a higher payload capability
and consequently a larger MTOW, has an advantage in fuel consumption per passenger—
kilometre, although it does not demand more apron space than the conventional plane
(CeRAS CSR-01).

Some relevant outputs of this mission simulation comparison, such as the flight
trajectory, the mission aerodynamic efficiency and the instant fuel flow, are reported in
Figure 31.
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Figure 31. Comparison of flight trajectory, aerodynamic efficiency and fuel flow.

The same comparisons were performed by considering different missions, by varying
the initial condition in terms of payload and target mission range. In particular, several
missions were simulated by considering a variation of the mission range in the interval of
[500 km—4790 km] (the upper bound is fixed equal to the CeRAS harmonic range) and by
varying the cabin load factor (namely the number of boarded passengers divided by the
maximum number of passengers) in the interval [0.5-1]. Figure 32 shows the comparison,
in terms of percentage variation in the averaged mission aerodynamic efficiency (namely;,
lift-to-drag ratio); the gains for the PrandtlPlane with respect to the CeRAS are relevant
in the whole considered envelope, as the increase in mean aerodynamic efficiency ranges
from 15% up to 22%.

PrandtlPlane vs CeRAS

o
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Figure 32. Comparison in terms of mean mission aerodynamic efficiency.

3.5. Box-Wing Operating Performance

In this section, a comparison between the PARSIFAL PrandtlPlane and the CeRAS
CSR-01 conventional aircraft is presented in terms of a payload-range diagram. The
payload-range diagram and the mission performance inside this envelope were calculated
with the mission simulation tool described in Section 2.3.3. In Figure 33, the payload-range
diagrams of the two aircraft are superimposed: it emerges that the PARSIFAL box-wing
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aircraft covers a wider market space, in terms of the maximum number of passengers
(+66%) and maximum achievable ranges, despite having the same wingspan constraints
of the CeRAS CSR-01 aircraft (compatibility with ICAO Reference Aerodrome Code “C”),
and so operating from the same airports and aprons.
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Figure 33. Comparison between the payload-range diagrams (PARSIFAL PrandtlPlane vs. CeRAS
CSR-01).

In the PARSIFAL payload-range diagram reported in Figure 34, different and flexible
utilisations of the box-wing aircraft are qualitatively described by highlighting the different
covered market sectors; in particular, the introduction of the PrandtlPlane allows one to
open a new market sector related to the short/medium-haul with an increased payload (the
‘PARSIFAL area’); up today, this market sector is not covered by any conventional aircraft
compliant with the ICAO Reference Code “C” wingspan constraint, and the upper limit
to the maximum payload for this interval of mission lengths is represented by the Airbus
A321. Moreover, the same box-wing aircraft satisfies the requirements of the so-called
Middle of the Market sector [102] by transporting about 200 (250) passengers for 8900 (7400)
kilometres. In addition, it is possible to transport a similar number of passengers of the
CeRAS CSR-01 (configured in a high-density layout) for long range routes, up to 9350 km.
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Figure 34. PARSIFAL PrandtlPlane payload-range diagram.
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3.6. Discussion of the Performance Comparison between the Box-Wing and the
Conventional Competitor

The information presented in Sections 3.4 and 3.5 can be combined in order to compare
the two reference aircraft in terms of utilisation and mission performance. In particular, the
superimposition of the contour map of the percentage variation of the mission fuel burnt
per pax km with the payload-range diagram is shown in Figure 35. Keeping in mind the
difference in terms of payload capacity between the two configurations (as described in
Figure 33), in the following discussion, the presentation of the performance comparisons
refers to the cabin load factor range graphs, to simplify the representation of the data
presented, as reported in Figure 35.

The combined analysis of Figures 33 and 35 provides a complete overview of the
performance comparison; it shows that:

e  The PARSIFAL PrandtlPlane has a larger pax-range envelope with respect to the
CeRAS CSR-01 monoplane; in particular, at the harmonic point, the PrandtlPlane
presents +66% more passengers and +19% longer range. Both the aircraft are compliant
with the ICAO Aerodrome Reference Code “C” constraint (max wingspan equal to
36 m);

e  The PARSIFAL PrandtlPlane can transport the same maximum number of passengers
of the CeRAS CSR-01 (186 pax in high density) for about 9350 km, 95% more than the
reference aircraft.

e  The PARSIFAL PrandtlPlane exhibits a gain in terms of mission fuel per pax km in the
relevant area of the pax-range diagram, up to the harmonic range of the CeRAS CSR-01;
considering the harmonic ranges, the PrandtlPlane needs 19% less fuel per passenger—
kilometre; the reduction in fuel per passenger is relevant, from —13% up to —22%,
in the whole operating space considered; this also reflects the aircraft environmental
performance: the introduction of the PrandtlPlane configuration allows a reduction in
pollutant and greenhouse gas emissions per passenger, as widely discussed in [99,103];
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0.9 “ = == =CeRAS 21
0.8 /‘\ 20
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. o \\ 18
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© o o o
Now s o
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Mission Range [km]
Figure 35. Comparison between the cabin load factor range diagrams (PARSIFAL PrandtlPlane vs.
CeRAS CSR-01) and fuel consumption per pax km.

e The diagram in Figure 36 shows the contour maps of the percentage difference of
the fuel consumption per passenger—kilometre for the two aircraft, both for the zone
inside the CeRAS CSR-01 envelope and outside this limit, up to the CeRAS CSR-01
ferry range. It is clear that direct comparisons (i.e., with the same cabin load factor
and range) can only be made within the limits of the CeRAS envelope; beyond this
limit, the PARSIFAL PrandtlPlane can fly longer distances with the same cabin load
factor, or have higher cabin load factors for the same range, with respect to the CeRAS
competitor. In this area, the comparison in terms of fuel burnt per passenger—kilometre
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cannot be made considering the same range and cabin load factor for the two aircraft;
thus, the values obtained for PARSIFAL are compared with those relevant to the best
performance of CeRAS, i.e., the missions at the border of the envelope (maximum
cabin load factor for each considered range). As a result, the comparisons are carried
out considering a same range for the two aircraft, but with different cabin load factors.
In this zone of the diagram, the higher fuel efficiency of the PARSIFAL PrandtIPlane is
combined with the capability to fly with higher cabin load factors for the considered
ranges, and therefore the reduction in fuel consumption per passenger—kilometre
increases very sensitively as the range increases, as shown in Figure 36.
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Figure 36. Overview of the comparison (PARSIFAL PrandtlPlane vs. CeRAS CSR-01) of the fuel per
passenger—kilometre and cabin load factor range diagrams, up to the CeRAS ferry range.
e In the area of the cabin load factor range diagram beyond the ferry range of the
CeRAS CSR-01 configuration, it is not possible to make comparisons in terms of fuel
consumption. This region is highlighted in amaranth in the diagram of Figure 37.
The PARSIFAL PrandtlPlane, with the same constraints on maximum wingspan of
the reference monoplane competitor, is able to fly longer routes with a number of
passengers comparable to the CeRAS CSR-01, thus offering an additional advantage
in terms of operational flexibility.
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Figure 37. Overview of the comparison (PARSIFAL PrandtlPlane vs. CeRAS CSR-01) of the fuel per
passenger-kilometre and cabin load factor range diagrams, beyond the CeRAS ferry range.
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4. Conclusions

This paper described the potential effects of the introduction of PrandtlPlane aircraft in
the short/medium-haul air traffic sector. The characteristics of this unconventional configu-
ration, which is based on a box-wing lifting system, allow an increase in payload capability,
without the need to increase the overall size of the aircraft compared to competitors in the
same sector. Furthermore, the features of the lifting system enable the enhancement of the
aerodynamic performance, in particular in terms of the lift-to-drag ratio, and therefore to
achieve benefits in terms of reduction in fuel consumption per passenger. The introduction
of this disruptive configuration is thus a possible solution to the main challenges of aviation
in the near future, namely: the need to reduce pollutant and climate-changing emissions;
the need to satisfy an expected growth in air traffic demand, especially on short/medium
routes; and the need to alleviate problems of congestion and saturation of airport areas.

Since the aerodynamic benefits may be reduced when a new configuration is assessed
from the point of view of other disciplines, a multidisciplinary design and analysis method-
ology was developed and used to develop a reference box-wing aircraft, and to analyse
its operational potential and its performance. This methodology was structured with an
increasing fidelity strategy, by using progressively more reliable design and analysis tools,
with the aim of obtaining the best preliminary performance assessment. A conventional
benchmark aircraft was identified to carry out the performance comparison; the selected
aircraft was the CeRAS CSR-01, a virtual aircraft mock-up with characteristics similar to an
Airbus A320.

The analysis and performance comparison was carried out with the same procedures
and tools for the two considered configurations. The results obtained proved that the
PrandtlPlane aircraft is able to carry 66% more passengers than the conventional bench-
mark, while maintaining the same dimensional constraints, hence keeping the possibility
of operating from the same airport aprons. In addition, the PrandtlPlane is able to carry
the same maximum payload as the CeRAS CSR-01 for up to 95% longer routes and, more
importantly, it is able to reduce the fuel consumption per passenger over the whole enve-
lope of the operational missions of interest. In particular, the maximum reduction in fuel
consumed per passenger transported was quantified as 22%, when considering the typical
operational missions of the CeRAS CSR-01. Finally, this paper shows how the box-wing
architecture confers, to aircraft with the typical dimensions of short-to-medium range,
the capability to cover additional sectors of the air transport market, such as Middle of the
Market and long range.

The multidisciplinary design and analysis methodology presented in this paper can
be applied to box-wing aircraft of various categories; further investigations will concern
the development and the performance analysis of box-wing aircraft for the regional and
commuter classes. In addition, the modularity and the flexibility of the design workflow
allows the efficient integration of additional design elements, such as the introduction
of hybrid-electric powertrains, or the inclusion of analysis and design methodologies of
increasing fidelity, such as CFD-driven shape optimisation. Studies concerning the manu-
facturability and assembly of the box-wing aircraft are also worthy of further investigation:
a step forward has been made concerning the actual benefits deriving from the operability
of the box-wing, but there is still uncertainty regarding the possibility of setting up effective
assembly lines. Investigating this topic may represent a further step towards the actual
introduction of box-wing aircraft in the transport aviation sector.
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Abbreviations

The following abbreviations have been used in the paper:
APU Auxiliar Power Unit

AR Aspect Ratio

AVL Athena Vortex Lattice

CAD Computer Aided Design

CeRAS  Central Reference Aircraft Data System

CFD Computational Fluid Dynamics

CSR CeRAS Short Range

FEM Finite Element Method

IAS Indicated Air Speed

ICAO International Civil Aviation Organization
LF Load Factor (passenger cabin)

MTOW  Maximum Take-Off Weight

PrP PrandtlPlane

RANS  Reynolds Averaged Navier—Stokes equations
SSM Static Stability Margin

TLARs  Top Level Aircraft Requirements

TSFC Thrust Specific Fuel Consumption

VLM Vortex Lattice Method

Symbols

The following symbols have been used in the paper:

b Wingspan m
c Chord m
Cp Drag coefficient

Cpo Parasite drag coefficient

Cp; Induced drag coefficient

Chuwave Wave drag coefficient

Cp foil Airfoil drag coefficient

Cp ot Total drag coefficient

Cr Friction coefficient

Cre Equivalent skin friction coefficient

Cr Lift coefficient

G Section lift coefficient

Cum Pitch moment coefficient

d Diameter m
D Drag N
e Oswald factor

E Aerodynamic efficiency (Lift to Drag ratio)

FF Form factor

8 Inequality constraint

g Gravity acceleration m/s?
h Altitude m
h/b Wings height to span ratio

k Polar drag coefficient

kyip Stiffness constraint factor
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Other subscripts:
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cruise

cyl

eng

front

fus

fuel

max
min
oper
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rear
root
sys

TH

tip
trim
vertical
wing

Strength constraint safety factor
Length

Lift

Lower boundary

Lifting surface wing loading
Mach number

Vertical load factor

Interference factor

Planform area of the wing exposed to the flow
Reference surface

Wetted surface

Vector of thicknesses of structural wingbox components
Thickness to chord ratio

Thrust

Upper boundary

Speed

Weight

Design weight

Operating empty weight
Design variables vector
Aircraft longitudinal position
Longitudinal leading edge coordinate
Spanwise coordinate

Aircraft vertical position

Angle of attack

Trajectory slope

Wing tip displacement
Tolerance

Section twist

Taper ratio

Sweep angle

Equivalent stress

Component
Cruise

Cylinder
Engine

Front wing
Fuselage

Fuel

Maximum
Minimum
Operating items
Payload

Rear wing

Root section

On board systems
Threshold

Tip section
Trim condition
Vertical tail
Wing
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kg/m?
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