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Abstract

The paper aims to present the phases and the achievements of the aerodynamic design activities carried
out on a box-wing aircraft, called PrandtIPlane, proposed as a sustainable solution for the fulfilment of
the more and more demanding requirements of the fast-growing air transport. The activities here
presented are included in the on-going Project PARSIFAL (‘“Prandtlplane ARchitecture for the
Sustainable Improvement of Future AirpLanes”), funded by European Union under the Horizon2020
Program. Starting from the conceptual aerodynamic design of the PrandtIPlane architecture, the paper
follows the development of the aerodynamic design, dealing with the preliminary definition of a
reference configuration, which performances have been evaluated with both low and high fidelity
tools, and the optimization procedure for the improvement of cruise performance.

1 Introduction
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Figure 1: Concepts for Blended Wing Body from “Silent Aircraft Initiative”, Truss Braced Wings from “SUGAR”

project and Box-Wing from “PARSIFAL” project
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The study of concepts for disruptive aircraft configurations, such as the ones shown in Figure 1, is a possible way
to face the challenges the air transport sector will have to face in the next decades. Such challenges concern the fast-
growing demand of air transport, today limited by both environmental and logistic constraints. Although the relevant
scenario for this challenge has a worldwide size, the studies carried out in Europe in the last years ([1], [2], [3]),
have led to the definition of a set of specific objectives:

o satisfy the increase of air traffic demand, which is expected to double about 20 years;
e reduce CO2 and NOx emissions and noise per passenger-kilometres;
e reduce to 4 hours the time required to complete a door-to-door journey within Europe.
Among the proposed disruptive aircraft configurations, the Box-Wing has been studied since early 1990s at
University of Pisa, where the attention has been focused on the possible applications in aviation of the so-called Best
Wing System (BWS) concept, due to L. Prandtl. In [4], he demonstrated with an approximated approach that, for
given wingspan and lift, the multi-wing system with minimum induced drag is a box-wing a proper normal force
distribution. The following studies in Pisa ([5]) have shown that a closed-form-solution of the optimal lift
distribution exists and that it is possible to apply the BWS concept to aircraft design, taking constraints form other
disciplines, such as flight mechanics, structures and propulsion integration, into account. In Prandtl’s honour, the
aircraft architecture based on the BWS has been then called “PrandtIPlane” (PrP).
Such research activities have demonstrated that beside the main advantage of reducing the induced drag, the PrP,
configuration can bring further benefits, such as:
e smooth stall behaviour and post-stall characterized by only a partial reduction of manoeuvrability and
controllability ([6]);
e pitch control achievable by using counter-rotating elevators (on both front and rear wings) which can
introduce a pitching moment without perturbation to lift ([7]);
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e higher pitch damping than in the case of a wing-tail configuration, with benefits in terms of comfort and
safety ([8]).
e applicability to aircraft of different size and category ([9], [10], [11])) with different fuels, including
hydrogen ([12]).
Concerning the above mentioned future challenges of air transport, the PrP is a potential solution since the one way
to exploit the aerodynamic advantages of the BWS is to improve the payload capabilities of a conventional airplane,
while keeping the same wingspan. In other words, for a given wingspan, it is possible to have a larger fuselage,
without penalties in span efficiency, since this is improved by adopting the BWS. As confirmed also by other
research (e.g. [13]), this way the improved L/D ratio of the PrP layout, can turn into an improvement of the payload
without penalizations in terms of fuel consumption, while keeping the same overall aircraft dimensions.
Given such context, in 2017 the European Union, through the Horizon 2020 programme, has funded a research
project called PARSIFAL (“Prandtlplane ARchitecture for the Sustainable Improvement of Future AirpLanes”),
coordinated by the University of Pisa with Delft University of Technology (Netherlands), ONERA (France),
ENSAM (France), DLR (Germany) and SkyBox Engineering (ltaly) as partners.
The present paper aims at presenting the aerodynamic design activities carried out within PARSIFAL, focusing on
the several phases which have led from the conceptual design to a optimization-driven refinement of the candidate
configuration.

2  Conceptual aerodynamic design

In the PARSIFAL project, the definition of the aircraft design specification has been carried out by taking market
analysis into account; in particular, the expected air traffic demand from 2032 has been analysed, as described in
[15]. This time horizon has been chosen in accordance with the supposed time to market of an innovative
configuration such as the PrandtlPlane. The graph in Figure 2 shows the forecast of a significant increase in
passenger traffic demand, especially in the short-to-medium-range segment.
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Figure 2: Air passenger demand for 2032 [15]

The outputs of the market analysis, together with the analysis of the current operational scenario of commercial
aircraft, has allowed for the definition of Top Level Aircraft Requirements (TLARS) [16][17]. These specifications
represent the main drivers of the design process and influence the most important design choices, starting from the
macroscopic ones carried out during the conceptual design phase. The most relevant TLARs for the initial design
decisions are the number of passengers and the nominal range. The PrandtiPlane developed within the PARSIFAL
project aims to satisfy in a sustainable way the wide increase in continental traffic expected in the coming decades;
therefore, the operating scenario of the PrP is the one of continental routes with a larger number of passengers with
respect to the competitors that currently operate in this sector. The design field for an aircraft of this type is shown in
the diagram in Figure 3; currently, there are not conventional aircraft capable of operating in this market segment.
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Figure 3: PARSIFAL market positioning (passengers-range)
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A further constraint that significantly influences the aerodynamic design of the aircraft is the one related to the
maximum wingspan; for the PrP developed in PARSIFAL, the maximum wingspan is set equal to 36 meters, as for
the single-aisle aircraft currently operating in the short-to-medium range (Airbus A320 and Boeing 737 families).
The limits on the maximum wingspan are defined by international standards [18]; in the case of PARSIFAL, it has
been decided to maintain the same global dimensions of competitor aircraft in order to face the problem of airport
saturation [19]. However, the aircraft aims to carry a larger payload thanks to the aerodynamic advantage of a lifting
system designed according to the Best Wing System (BWS) theory. In order to embark a larger number of
passengers than single-aisle aircraft and to maintain the same maximum dimensions, it has been necessary to
consider configurations with fuselage sections capable of housing an appropriate number of seats. It is not possible to
accommodate the required number of passengers in a single-aisle fuselage so two different alternative solutions have
been identified, as shown in Figure 3; a solution with a double aisle and a single passenger deck ('SD', left in Figure
4) and a solution with a single aisle and a double passenger deck ('DD', right in Figure 4). Both solutions can hold
standard LD3-45 containers.

Figure 4: Cabin layouts studied in PARSFIAL.: double aisle / single deck (left) and single aisle / double deck (right)

In addition, three different fuselage lengths have been considered for each cabin section in order to cover a wide
range of possible payloads. The lengths considered are 36, 39 and 42 meters. In this conceptual design phase low-
fidelity models, but very fast, have been used to estimate the weights and performance of the different configurations
[20]; with these input data it has been possible to initialize the aerodynamic design. Table 1 summarizes the main
characteristics of the families of aircraft analysed; the design weight (Waes) is set equal to the weight estimated at
25% of the cruise length :

Table 1: Aircraft families characteristics

Family Single Deck (SD) Double Deck (DD)
Fuselage Length [m] 36 39 42 36 39 42
Max Number of Passengers 248 280 304 270 318 366
Woees [tons] 1055 1173 1261 1136 131.1 1484

The reference flight condition has been selected on the basis of data relating to aircraft operating in the same scenario
selected in PARSIFAL; in particular, the cruise altitude has been set equal to 11000 meters and the cruise Mach
equal to 0,79. The sketches in Figure 5 show two generic solutions for the 'SD' and 'DD' configurations.

Figure 5: 3D sketch of two generic PrandtIPlane configurations (‘SD’ left, ‘DD’ right)

The initial aerodynamic design for the considered configurations has been carried out using an in-house tool called
AEROSTATE (‘AERodynamic Optimization with STAtic stability and Trim Evaluator') [21]; this tool uses a low
fidelity aerodynamic code, based on the Vortex Lattice Method (VLM) [22]. These solvers are very useful in the
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early stages of the design since they provide information on a very large number of configurations with low
computational time. Since the aircraft performances have to be evaluated in transonic regime, it has been necessary
to introduce some tuning to the aerodynamic evaluation procedure, as described in [23]. Moreover, given the
significant differences between the compared fuselages, the effect on the drag of the fuselage is taken into account
using the component drag model proposed in [20]; other features of the AEROSTATE code are described in [24] and
[25]. The information on aerodynamic performance can therefore be used to perform macroscopic comparisons
between different configurations and to detect correlations between the main performances and design parameters.
The tool uses an aerodynamic optimization procedure to identify several configurations; this procedure is defined as
follows:

(min(—f(x))
h(x) =0
Ib < x < ub

where x is the vector of the design variables, f(x) is the objective function (fixed equal to the aerodynamic efficiency,
L/D), g(x) and h(x) are the sets of inequality and equality constraints, and Ib and ub represent the lower and upper
boundaries of the variation of the design variables, thus defining the design space. In these preliminary analyses, the
design variables selected for each lifting surface are: chords and twists for a number of reference sections (root, kink
and tip) and sweep and dihedral angles for the corresponding wing-bay; the relative longitudinal position of the two
lifting surfaces is also a design parameter. The main constraints are related to the feasibility of the configurations
evaluated, and concern aspects inherent to flight mechanics, aerodynamics and geometry. The set of the most
relevant constraints is shown below:

Wies — &1 < L(X) < Wges + &, (2)

em < M(X) < &y (3)

Slv[min =< SM(X) =< SMmax (4)
(W/S)min =< (W/S (X))wing = (W/S)max (5)
max(cl(y)) < Clmax (6)

Apay < 1 (7)

where equations (2) and (3) represent vertical and pitch equilibrium constraints (L is the lift, Wqes is the design
weight, M is the pitching moment, ¢ is a tolerance defined by the designer), equation (4) is the constraint on
longitudinal static stability (SM is the Static Margin of stability), (5) fixes the constraints on the wing loading (W/S)
of each lifting surface, (6) imposes the maximum limits on the local lift coefficient (ci(y)) in any spanwise section,
and (7) represents the constraint on the taper ratio (1) of each bay. The wingspan is fixed at 36 meters. In addition to
these most relevant constraints, the designer may introduce other constraints depending on the particular problem
addressed.

The optimization procedure in AEROSTATE searches for the minimum through a strategy that combines local and
global algorithms, as described in detail in [21]. In this way, for each optimization run, a group of configurations
with different characteristics is obtained as output; each configuration represents a local minimum (compatible with
constraints) found during the progress of the calculation. This strategy is very useful at this early stage of the project,
since it allows to evaluate the performance of a large number of configurations and to identify performance trends
among different groups of solutions, as described below.

AEROSTATE has been used to evaluate several configurations for the 'SD' and 'DD' families (of which two
examples are shown in Figure 6); in particular, configurations with different limits on maximum wing loading have
been evaluated (400, 500, 600, 700 kg/m?, referring to the front wing), and comparisons have been made for different
configurations having fuselage length equal to 36, 39 and 42 meters.
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Figure 6: Two generic outputs of AEROSTATE (‘SD’ left, ‘DD’ right)
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Although the aerodynamic solvers used in this phase are classified as low fidelity tools, some relevant information
for the development of the aerodynamic design can be extracted. The graphs in Figure 7 show the improvement of
aerodynamic efficiency (in terms of percentage increases with respect to the worst configuration) versus the variation
of the wing loading, for the families 'SD' and 'DD’, and for each fuselage considered. Each marker in the graph
relates to a generic configuration (e.g. Figure 6), which is a local minimum of the optimization procedure; it is
possible to identify the different groups of configurations obtained by increasing the limit on the maximum wing
load constraint (according to the values previously indicated). From these graphs it is possible to deduce that:

o the aerodynamic efficiency of the 'SD' family is better than the ‘DD’ family in each case;

e the aerodynamic efficiency of the configurations improves as the wing loading increases.
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Figure 7: Aerodynamic efficiency versus front wing loading

The better performance of the SD family compared to the DD family is due to a lower fuselage drag and to a lower
wetted surface of the lifting surfaces. The 'DD' configurations, in fact, for each fuselage length considered, have to
equilibrate a larger weight and, therefore, given the same lift coefficient, they must necessarily have a larger
reference surface, as can be seen from the graphs in Figure 8. Moreover, since the maximum wingspan is
constrained, the lifting surfaces of the ‘DD’ configurations have a lower aspect ratio than the 'SD' configurations, also
penalizing the contribution to induced drag.
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The trends identified varying the wing loading are in accordance with the theories of the Best Wing System: the
increase in induced drag resulting from the increase of C, is lower than the typical trends of conventional aircraft,
thanks to the higher span efficiency [5]; this results in a significant advantage in terms of aerodynamic efficiency, as
can be seen in Figure 9. However, it is important to underline that phenomena associated to drag rise are not

detectable by this model.
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Figure 9: Aerodynamic efficiency versus lift coefficient

In the graphs of Figure 10, the results relative to the numerous configurations proposed in the previous graphs are
represented as average values of the aerodynamic efficiency of each group of configurations. In a direct comparison,
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the performance advantage of the 'SD' configuration compared to the 'DD' is evident. This is true even considering
that the 'DD' is capable of carrying a larger payload than the 'SD' (for the same fuselage length): for example, the
'SD' configuration with a 42 meter fuselage (304 passengers) has a higher average aerodynamic efficiency than the
‘DD’ configuration with a 36 meter fuselage length (270 passengers). The gap becomes clear if we consider the 'SD'
configuration with a 39 meter long fuselage, which has a comparable number of passengers (280). The 'SD'
configuration with a 36 meter fuselage, while having the best overall performance, underperforms from the point of
view of the maximum number of passengers (248); this limit, in fact, is too close to that of existing conventional
aircraft (i.e. Airbus A321) and therefore may not justify the introduction of a disruptive configuration.
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Figure 10: Average results for PrandtIPlane families: aerodynamic efficiency versus front wing loading and C

There are additional aerodynamic disadvantages for the 'DD' configuration:

o the rear wing must be mounted at the end of the fuselage, as shown in Figure 4; this is necessary because the
height of the fuselage is very large, and installing the rear wing on top of the fins (as is possible for the 'SD’
configuration [17]) would be unfeasible. This limitation causes a lower height/span ratio of the box-wing,
and consequently a higher induced drag [5];

o installing the upper wing in the rear part of the fuselage makes critical the design of the wing-fuselage
connection, especially for the aerodynamic performance in transonic; as evidenced by the results of high-
fidelity CFD analysis on a test-case configuration, intense shock waves arise in the connection zone that
cause large areas of separation of the boundary layer. It is necessary to provide a properly optimized
connection in this region, in which the fuselage shape is constrained by other requirements;

Pa ~N

\ \

- &/ B \ 5 : / — -2 - /
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Figure 11: Mach contours on a test-case ‘DD’ configuration

e The 'DD' configurations are heavier than the respective 'SD' configurations (for the same fuselage length)
and could fit into the wake-turbulence ICAO category beyond M, which instead is the reference target.

Following the considerations made so far, the choice has been to develop the 'SD' configuration with a fuselage
length of 42 meters in the following phases of the aircraft design.
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3 Preliminary aerodynamic design

After selecting the type of configuration to be developed, the second phase of the aerodynamic design has been
started. The configurations analysed and developed in this phase are obtained through the same optimization
procedure described in the previous section, but with refined boundaries and constraints; this tuning has been made
following the results obtained from a CFD analysis campaign [26]. Some transonic performance information have
been obtained focusing both on macro-parameters and local issues. For example, the aerodynamic efficiency for
configurations with similar geometric characteristics but with different design wing loading has been investigated
(Figure 12). It has been detected that, in transonic cruise, increasing the wing loading causes a decrease in
aerodynamic efficiency, due to the arise of shock waves.

Figure 12: Mach contours on configurations with different wing loading

From these analyses it has been possible to understand that a conservative approach is useful in this phase of the
aerodynamic design; this is mainly related to the need for using low fidelity aerodynamic tools, that cannot predict
transonic phenomena reliably. For example, it is convenient to limit the design lift coefficient, and so the design
wing loading, in order to be far from detrimental drag rise effect; this is in opposition to the subsonic performance of
the BWS, that has its best aerodynamic behaviour at high Cy.

Weight estimation has been improved by using approximate models of higher fidelity [27]. The weight verification
has been then carried out (for the configurations developed in the following phases of project) with even more
accurate models, as described in [28]. For the configuration developed in this phase a MTOW of 120 tons has been
estimated.

The graphs in Figure 13 show the aerodynamic efficiency trends with the variation of the design wing loading; as in
the cases analysed in the previous paragraph, there is an increase in aerodynamic efficiency as the load increases.
However, it has been necessary to find a trade-off between the performance of the BWS in incompressible flow
(better performance at high wing loading) and those in transonic, where it is necessary to avoid high values of wave
drag.
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Figure 13: Aerodynamic efficiency versus front wing loading

For this reason, the initial reference configuration has been searched in a field that could guarantee the trade-off
between the two different requirements on wing loading (qualitatively represented by the red square region in
Figure 13). The configuration chosen in this phase, in fact, will be subject to high fidelity refinement (see Section 4),
therefore a conservative and improvable configuration has been selected, with good performances (but not near to the
optimum achievable) but far from macro critical issues. The preliminary evaluation of the aerodynamic performance
of the selected configuration has been confirmed by high-fidelity CFD analyses (Figure 14).
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Figure 14: Mach contours the baseline PrandtIPlane configuration

4  Hi-Fi CFD analyses and improved boxwing design

In this section, results obtained from CFD analyses and optimization studies carried out at ONERA on the isolated
boxwing lifting-system are presented. High-fidelity RANS computations have been performed to assess the
aerodynamic performance of the baseline boxwing configuration while an Euler-based workflow is employed for its
preliminary optimization by addressing the twist distribution. In both cases, CFD computations are supplemented by
a detailed far-field drag post-processing to investigate the impact of the different drag sources (induced, wave,
pressure and viscous dissipation) on the aerodynamic performance.

4.1 Baseline aerodynamic performance: far-field drag analysis

a) b)

.

Figure 15: Chimera mesh components. (a) Boxwing mesh with ~15.3x10° cells. (b) Background Cartesian octree
mesh with ~1.1x10° cells.
RANS computations have been performed using the in-house ONERA cell-centred finite-volume solver elsA
(ONERA-Airbus-Safran property). In particular, a Chimera approach is employed to handle the considered
geometry, with a body-fitted structured grid around the boxwing and a Cartesian-octree background grid,
automatically created using the Cassiopée software library [29]. The normal wall spacing is kept almost uniform
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everywhere with a size of ~5 um, corresponding to a maximum y*~ 0.8 for the considered cruise conditions of
M=0.79 and altitude of 11.0 km. The background domain features extends for ~400 m away from the boxwing
surface along the xyz directions. These grids are shown in Figure 15. Once the different grids are assembled, the total
number of cells for the half-boxwing model is of ~16.0x10°. No-slip boundary conditions are applied on the wall
surface while on the boundary of the Cartesian background grid, symmetry conditions applies on the plane y=0 and
far-field conditions are imposed on the remaining boundaries. The RANS equations with the QCR version of the
Spalart-Allmaras turbulence model [30][31] and the Jameson scheme [32] for the inviscid flux discretization are
converged towards a steady solution by using a backward-Euler pseudo time stepping technique with a LUSSOR
implicit stage and a multigrid acceleration. The aerodynamic coefficients have been then calculated from the
obtained converged CFD solutions using the far-field drag extraction post-processor ffd developed at ONERA.
Indeed this software enables a refined drag through an accurate breakdown into lift-induced, viscous (sum of friction
and viscous pressure) and wave components. More precisely an exact near-field far-field balance reads:

Cb, +CD; =CD,, +CD,, +CD; +CD; ,

where the left-hand side corresponds to the near-field decomposition in terms of pressure and friction drag
contributions, CD_and CD, , respectively, while the right-hand side provides the far-field drag phenomenological

breakdown CD,, being the viscous pressure drag, CD,, the wave drag and CD; the induced drag coefficients. The

far-field drag formulation implemented in ffd is derived from that introduced by Van der VVooren and Destarac in
[33]. Further details of the ONERA’s so-called one vector variant can be found in [34].

The lift and the far field drag polar curves are illustrated in Figure 16(a) and Figure 16(b), respectively. The stall
onset occurs quite early, at an incidence of ~3.0°, which limits the maximum lift coefficient around ~0.65-0.7. As
expected, the contribution of the viscous dissipation is almost insensitive to the load condition. The wave drag is very
small at negative angles of attack and gradually increases up to ~50 d.c. for C.>0.6. A sudden drag rise occurs for
the viscous pressure drag when Cy increases over ~0.6, due to the onset of a large scale separation but the wave drag
rise is not as regular as expected. Indeed an inspection of the flow field (not shown here) reveals that at low AoA, the
main wave drag sources are located on the suction side of the lower wing tip whereas at high AoA, a large scale
separation occurs near the tip of the lower wing, which prevents the development of the strong shock on the tip.

A nearly quadratic behaviour is observed for the induced drag which contributes for ~54 % of the total drag at the
reference cruise conditions, i.e. at zero incidence. The aerodynamic efficiency L/D and the equivalent Oswald
efficiency e are illustrated as a function of C_ in Figure 16(c) and Figure 16(d), respectively. The maximum
efficiency of ~23.8 is achieved close to the cruise design point, around C.~ 0.4. As expected, for a boxwing
architecture, the Oswald efficiency is always greater than 1, with e=1.30 at C,=0.5 and a maximum value of
e=1.315 at C.~ 0.58 which does not correspond to the maximum aerodynamic efficiency conditions. Then an abrupt
decrease of e occurs at increased lift conditions. However, it should be noted that this incipient stall conditions fall
outside the limits of the Prandtl’s lifting line model and the related definition of e is rather pointless.
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Figure 16. Cruise aerodynamic performance of the baseline boxwing configuration. (a) Lift curve. (b) Far-field drag
polar curves. (d) Total efficiency as a function of C.. (d) Equivalent Oswald efficiency as a function of C,.

Table 2: Values of far-field drag coefficients for the baseline configuration and the configuration integrating the
ONERA airfoils. Comparison of RANS and Euler predictions at reference cruise conditions, i.e. M=0.79, altitude of
11.0 km and C.=0.5.

Boxwing CFD

Configuration Model CDs# CDs CDw CDw CDi L/D €

Baseline Euler 2252 57.92 305* 13.6 123.2 22.20 1.33
Baseline RANS 2241 57.9 30.5 9.5 126.2 22.31 1.30
ONERA Euler 2285 57.7% 3222 20.0 118.6 21.88 1.38
airfoils
ONERA RANS 225.0 57.7 32.2 14.9 120.2 2222 1.36
airfoils

aFor the sake of comparison in terms of aerodynamic efficiency, RANS prediction are employed for both friction
and viscous pressure drag contributions.

4.2 Euler-based optimisation of the twist distribution and CFD assessment

In order to improve the cruise aerodynamic performance of the boxwing lifting-system, aerodynamic optimizations
have been performed using the CANOE suite developed at ONERA. This module is based on Euler CFD
computations performed using the SU2 code [35] and on the in-house ONERA far-field drag decomposition tool ffd
presented above. In CANOE the surface meshes are automatically created from a boxwing geometrical model
defined through OpenVSP [36], while the final unstructured volume meshes employed for the Euler computations
are automatically generated by Tetgen [37]. To ensure an accurate and reliable evaluation of the total drag during the
optimization process, a detailed parametric study with respect to mesh parameters has been achieved and coupled
with the post-processing procedure using ffd.

The boxwing baseline geometry is parameterized by 8 control sections, as illustrated in Figure 17. For each of these
sections the absolute twist angle referred to the airfoil leading edge is considered, with the twist distribution being
assumed to linearly vary between two adjacent control sections. In addition to the baseline boxwing configuration,
another boxwing configuration is also investigated. This additional configuration features the same wing planform of
the baseline one but different airfoils at the control sections corresponding to transonic airfoil designed at ONERA in
previous research projects (for instance the profiles of the ONERA NOVA configuration [38] for the front wing and
typical backward swept wing profile for the rear wing). For both these baseline configurations, a comparison in terms
of far-field drag components between the Euler-based modelling (through the CANOE suite) and RANS modelling
(based on the elsA solver) is given in Table 2. The two approaches are rather consistent: as expected the shock drag is
overestimated in Euler computations, thus impacting the optimisation process in a conservative way. On the contrary,
the induced drag is only slightly underestimated, and thus the total drag quite accurately predicted w.r.t. higher
fidelity computations.
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Figure 17. Control sections for the boxwing parameterisation and optimization.

For both the two considered boxwing configurations, multipoint optimizations have been carried out with the
objective of minimizing the sum of the total drag for 3 lift conditions (C.=0.45, 0.50, 0.55). The modified (DOT-
MMFD) method of feasible directions of van der Plaats [39][40] available within the Dakota optimization library
[41] is employed for such purpose. Such method is combined with a gradient descent technique, with the gradient
being computed through a finite difference approach. For both the considered configurations, the computed
optimisation histories are reported in Figure 18(a) by showing the evolution of the objective function and of the
design variables. In Figure 18(b) the optimised twist distributions are also compared with the initial ones and the
corresponding values for the considered control sections are reported in Table 3. In particular, on the front wing, both
optimized configurations (baseline and baseline with ONERA airfoils) have almost the same distributions whereas
on the rear wing, the optimal twist value at the root section is completely different. This can mainly ascribed to the
fact that for this section the shapes of the wing profiles are completely different, with a typical forward swept wing
profile for the ONERA configuration.
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Figure 18: (a) Twist optimization results for both the baseline boxwing configuration (Baseline) and the new
configuration integrating ONERA airfoils (Baseline-ONERA): optimization history of the objectives function and of
the non-dimensional twist variables. (b) Comparison of original and optimal twist distributions for both
configurations. Note that s=0 corresponds to the root section of the front wing while s=smax corresponds root section
of the rear wing, s being a curvilinear abscissa defined along the axis of the boxwing. Values of s are given in m.
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Table 3: Twist optimization results for both the baseline boxwing configuration (Baseline) and the new
configuration integrating ONERA airfoils (Baseline-ONERA): detailed comparison of initial and optimised twist
values at control sections. All values are reported in degrees.

. Kink Tip Btm Middle . Tip Root
Boxwing Root lower ! . Top side

. . : lower lower side side ; upper Upper
Configuration wing - . - - wing X '

wing wing wing wing wing wing

Baseline 2.721 3.869 1.468 1.441 0.04 1.361 1.368 3.668
Baseline 2.383 3.017 1.037 0.358 -0.03 1.237 2.096 3.331
optimised
Baseline ONERA 2.461 2.904 1.097 1.009 -0.28 1.731 1.881 4.464
optimised

The reduction of the objective function is relatively important and both the final optimized configurations feature
very similar aerodynamic performances as reported in Table 4 where a detailed comparison between Euler and
RANS far-field drag results is presented for C_=0.5. For this considered value of the lift coefficient the optimised
configuration integrating ONERA airfoils performs slightly better than the optimised baseline, both in terms of
overall aerodynamic efficiency and Oswald efficiency, with a gain of nearly 10 d.c. for the total drag, mainly
resulting from the consistent reduction of the wave drag, and of the viscous pressure drag. A more detail analysis is
presented in Figure 19 by means of a RANS-based assessment of the optimised configurations w.r.t. the starting
baselines for several incidences at cruise conditions. The far-field drag breakdown of Figure 19(b) clearly shows that
for both configurations, the optimisation significantly reduces the wave drag rise at high incidences. For the ONERA
design an important concomitant gain is also observed for the pressure viscous drag component, which can be
ascribed to the different behaviour of the shock-induced separation at the lower wing tip. Concerning the induced
drag, an opposite behaviour is observed for the two optimised designs, with the induced drag being slightly
decreased/increased for the baseline/baseline-ONERA configurations, respectively. This is also confirmed by the
Oswald efficiency in Figure 19(d). Notwithstanding, a higher Oswald efficiency is achieved when integrating the
ONERA NOVA airfoils. For both configurations, the twist optimisation also allows to extend the nearly uniform
Oswald efficiency range at higher values of C.. A similar behaviour is also observed for the whole aerodynamic
efficiency, illustrated in Figure 19(c) where, for both optimised designs, the efficiency is consistently improved in
the C. range tackled by the optimisation process up to C.=0.6-0.65, without reducing the performance at lower C_
values. Finally, a consistent improvement of the overall efficiency is obtained by the optimised ONERA design with
a maximal efficiency of ~24.6 compared to the value of ~23.8 for the optimised baseline.
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Figure 19: Comparison of cruise aerodynamic performance between initial and optimised designs. Results for both
the baseline boxwing configuration (Baseline) and the new configuration integrating ONERA airfoils (Baseline-
ONERA) are presented. (a) Polar. (b) Far-field drag polar curves. (d) Total efficiency as a function of C.. (d)
Equivalent Oswald efficiency as a function of Cy.

Table 4: Values of far-field drag coefficients for the baseline configuration and the configuration integrating the
ONERA airfoils both using optimal twist values. Comparison of RANS and Euler predictions at reference cruise
conditions, i.e. M=0.79, altitude of 11.0 km and C_=0.5.

Opt. Boxwing CFD

Configuration  Model CDs CDs CDw CDw CDi L/D e
Baseline Euler 2179 5822 28.28 9.2 122.3 2295 1.34
Baseline RANS 219.0 58.2 28.2 7.2 1254 22.83 1.31
ONERA Euler 2144 58.3% 27.1@ 97 119.3 23.32 1.37
airfoils

ONERA RANS 2145 58.3 27.1 7.8 121.3 2331 1.35
airfoils

aFor the sake of comparison in terms of aerodynamic efficiency, RANS prediction are employed for both
friction and viscous pressure drag contributions

5 Conclusion

Finding solutions for satisfying the growing air traffic demand in a sustainable way is a key subject for aviation
research and industry. A possible way to face this problem is the development of disruptive configurations that are
more efficient than the conventional aircraft. In this paper the aerodynamic analysis and design of an innovative
configuration have been described; this configuration, called PrandtlPlane, is based on a box-wing architecture
designed following the Best Wing System theory. The design process has been divided into three consecutive parts:
in the first conceptual phase different concepts have been evaluated with low fidelity tools in order to identify the
best solutions. Then, in the preliminary aerodynamic design, a reference configuration has been defined using both
low and high fidelity tools. Finally, the reference configuration has been refined through an optimization procedure
coupled with CFD simulations, in which the twist distribution has been considered as design variable. The results
obtained from the whole aerodynamic design and analysis process highlights that the PrandtlPlane has high
aerodynamic performances, in terms of lift-to-drag ratio, also in transonic conditions. Moreover, the PrandtiPlane
configuration is capable to transport a larger payload with respect to the conventional competitors operating in the
sector of continental routes, maintaining the same overall dimensions. These features can face the problems of
growing air traffic demand, aircraft emissions per passenger and airport saturation. The aerodynamic performance of
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the PrandtlPlane can be further improved; the next step of the aerodynamic development is represented by an
aerodynamic optimization based on a larger design space defined by a larger number of design parameters.
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