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Abstract. The aviation's goal for the next decades is to drastically reduce
emissions, but to achieve this goal a breakdown in aircraft design have to
be considered. One of the most promising concept is the Blended Wing-
Body, which integrates aerodynamics, propulsion and structure, and has a
better aerodynamics efficiency, thanks to the reduction of the wetted
surfaces. In this work the feasibility of a short/medium range BWB with
150 passengers (A320 type aircraft, Entry Into Service 2035) is studied,
considering different disciplines into the sizing process. To supply the lack
of reference data, an approach that goes from high fidelity to validate low
fidelity models has been set up. Also certification aspects have been taken
into account in an off-design analysis. To evaluate the advantages of the
proposed concept, it has been compared with an aircraft of the same class,
the A320 Neo, resized to match the EIS2035 hypothesis: results show that
the BWB is a concept that shows a gain in fuel consumption, especially on
longer ranges.

1 Introduction

One of the aviation’s goals for the next decades is to lower its environmental footprint. The
classical "tube and wing" configuration has been developed over the past 50 years, and it
has still few potential gains: a breakdown at the conceptual level is needed. Among all the
possible configurations, the Blended Wing-Body (BWB) [1-3] is one of the most
promising: the integration of payload, control surfaces and even propulsion into the wing
body provides better aerodynamic performances than those of conventional aircrafts.
However these advantages are counterbalanced by several drawbacks such as its instability
and the more complex architecture. The goal of this work is to present a procedure to
design, at conceptual level, a Blended Wing-Body, using the tool called FAST [4],
developed by ONERA and ISAE-Supaero. Mainly low fidelity methods are used in
preliminary design: since the Blended Wing-Body is an unconventional aircraft, the
methods used need to be checked for the new configuration. Due to the lack of reference
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data, high fidelity methods (like Computational Fluid Dynamics or Finite Element Method)
has been used as reference to validate and eventually correct the low fidelity. To assess the
validity of methods, a BWB reference geometry has been designed at ONERA and ISAE-
Supaero [5]. Certification constraints will be also verified to ensure the validity of the
proposed concept. In the next sections will be first presented the modifications to the design
process, then the results on the design mission and the performances on operational ranges
will be shown; finally certification aspects will be considered in an off design analysis.

2 Methodology
2.1 FAST description

The main tool used in this work is the sizing tool FAST [4]. It is a Multidisciplinary Design
Analysis tool, which takes into account different disciplines (aerodynamics, propulsion,
structures and perfomances) and uses low fidelity methods (engineering methods or semi-
empirical equations, mainly based on the handbook written by AIRBUS and ISAE-Supaero
[6]). In Figure 1 is shown the general scheme of the code, using the xDSM standard [7].

[9:MTOW

Fig. 1. FAST's xXDSM scheme

In order to consider a Blended Wing-Body the design process shown in Figure 1 has to be
changed in some parts: the first estimation needs to be reviewed, then the geometry model
has to be modified to consider the absence of the fuselage, replaced by a centerbody that
can be schematized as a wing with a greater thickness to chord ratio; finally the
aerodynamics and the mass models have to be reviewed, to correct the methods used in
FAST. Due to the lack of reference open source data, a numerical approach has been used:
for the aerodynamics the code SU?2 [8] has been used to quantify the difference using the
methods coded in FAST, meanwhile the free code OpenNastran [9] has been used to
estimate the weight of the centerbody. The common geometry from ISAE-Supaero and
ONERA has been used for the validation [5]: it is shown in Figure 2, meanwhile in Table 1
the Top Level Aircraft Requirements and the main geometric parameters are reported. The
TLAR are similar to the A320 Neo type aircraft (medium range aircraft with 150
passengers).
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Table 1. TLAR and geometric

parameters for the BWB reference
geometry

Mac il Number of passengers | 150

< Cruise Mach number | 0.78
/ey jmermc o Range 2750 NM

B oo MTOW 80.2 t
’ Wing span 41 m

Wing surface 313 m?

Fig. 2. Common Blended Wing-Body
reference geometry

2.2 Constraint analysis

The wing area is determined in order to produce enough lift in approach condition (at the
maximum lift coefficient) and have volume enough to store all the fuel needed for the
mission. In the case of short and medium range aircraft (that is the case of the ISAE-
Supaero and BWB geometry) the first criteria is the most stringent one, meanwhile the
second criteria becomes relevant in long and very long range aircraft. Knowing the value of
maximum CL, with flaps and slats deflected, it is possible to compute the wing area starting
from the lift coefficient. In the case of a Blended Wing-Body, in which the whole structure
is a lifting body, the lift equation approach underestimates the area, so the necessity to find
a new criterion to size the wing arises. In order to find the proper way, a constraint analysis
[10, 11] has been performed, giving in output the constraint diagram for the new proposed
concept. The constraint diagram is the plot of the thrust loading (thrust at sea level over the
weight) with respect to the wing loading (weight over wing surface). The criteria
considered are:

e  Approach condition: the aircraft has to be able to produce enough lift in approach
condition.

e  Takeoff constraint: the aircraft needs to takeoff in a certain length.

e Initial climb constraint: at the beginning of the climb, the aircraft has to be able to
climb with a climb rate of at least 2.4% with one engine inoperative.

e Top of climb constraint: at the top of climb (beginning of cruise) the aircraft needs
to have a reserve of vertical speed of 300ft/min.

e Geometry constraint: specific for the Blended Wing-Body, ensure that the wing
area is not lower than the central body area, which is sized in order to allocate all
the passengers.

Models used to build the diagram are semi-empirical and engineering models [11], so a
certain level of uncertainty needs to be taken into account to analyse the results. The
constraint diagram is shown in Figure 3: both the wing and the thrust loading are referred to
the Maximum Takeoff Weight (MTOW). The feasible domain is the area above the
takeoff, initial climb and top of climb condition, and on the left of geometric and landing



conditions. From the plot is possible to note that the approach condition is not anymore the
most stringent condition, since the area required is lower than that of the centerbody (which
is fixed by the number of passengers to be allocated), but it is the top of climb condition. It
is also possible to note the presence of a minimum point, which minimize both thrust and
wing area.
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Fig. 3. Constraint diagram for the Blended Wing-Body. Reference weight for the thrust and
the wing loading is the MTOW; the reference thrust is the maximum thrust at sea level

2.3 Aerodynamics model

The aerodynamics model in FAST is based on semi-empirical equations that a priori are
valid only for a classical tube and wing configuration. In the Blended Wing-Body the
fuselage is not tubular anymore but it is treated as a wing, with higher thickness to chord
ratio. Cerquetani studied the aerodynamics of the reference geometry [5], using an eulerian
approach (thus neglecting viscosity) with a Mach number of 0.78 and comparing the results
with the models used in FAST, as shown in Figure 4 (left). The code used in this code is
SU? [8], a free CFD software, developed at the Stanford University. With these results, it
has been possible to use some corrective factors to make the two curves match (Figure 4,
right). The assumption that the correction is valid to different geometries has been made.
This is a strong assumption, which needs to be refined in the future studying different
geometries and including also the effect of the viscosity.

2.4 Mass model

The last modification concerns the mass model: in the BWB a central cabin which is a wing
section (with a bigger thickness to chord ratio) takes the place of the classical tubular
fuselage. In order to estimate the weight of the centerbody, a Finite Element Method (FEM)
analysis has been used in this section, using the open software OpenNastran [9]. In the
reference geometry, the centerbody has been sized in order to allocate 18 passengers per



row in 3 bays, following the indications reported in the work of Bradley [2]. It has been
chosen an integrated stiffened skin concept, with bubbles to withstand the pressurization
loads, with a single spar at the 70% of the total length. The material is the Aluminium Alloy
7075, typically used for aeronautical structures. The applied loads have also been suggested
by the work of Bradley [2]. The resulting weight is of about 22 tons.
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Fig. 4. Comparison between the polars computed using SU2, FAST and the VLM method
on the BWB reference geometry (on the left) and between SUZ and FAST, with the
application of corrective factors on the latter (on the right)

3 Results
3.1 Design loop

In this section results for the Blended Wing-Body have been presented. The TLAR are
reported in Table 3: differently from previous works on the BWB, in this work the focus is
on a short-medium range BWB, with a number of passengers of 150 (instead of 400 or
above). The span is limited by airports' constraint. The hypothesis of Entry Into Service
2035 has been made: wing, landing gear and tails have a reduced weight due to the use of
innovative materials, as reported by Sgueglia et al. [12] As reference the A320 Neo (resized
to match the EIS2035 hypotheses) has been considered. An engine with high By-Pass Ratio
has been used (BPR=10), in line with the engine mounted on the A320 Neo [13].

Table 2. Top Level Aircraft Requirements used to design the BWB concept and the

A320Neo.
Range 2750 NM
Number of passengers | 150
Mach number 0.78
Max span 36 m

In order to match the maximum span limit, the centerbody has been resized and is stricter
than the reference aircraft, thus the estimation presented earlier is very conservative. Three
different scenarios have been considered, to study the effect of the centerbody weight: they
are reported in Table 4.



Table 3. Scenarios considered for the centerbody weight: the worst case is the most
conservative, corresponding to the estimation of 22t; for the other cases a reduction with
respect to this estimation has been considered.

Best | Medium | Worst

-40% -20% | 0

In Table 5 is reported the comparison between the A320 Neo and the three BWB baselines:
in all the cases the Maximum Takeoff Weight (MTOW) and the Operating Weight Empty
(OWE) is bigger than that of the reference aircraft, mainly due to the centerbody structure:
since it is a more complex concept, that requires reinforcements to carry out the
pressurisation and the bending moment of the outer wing, it is heavier than a tubular
fuselage. Even if the BWB is heavier, the mission fuel is reduced of about 18% in the best
case and 6% in the worst case: this effect is due to the fact that the BWB is
aerodynamically more efficient (with a maximum L/D of 23 instead of 17) thanks to the
reduction of wetted area. Another aspect to be noted is that the cruise altitude is bigger for a
BWAB: the cruise starts at the point of maximum aerodynamic efficiency, but since the wing
area is more than doubled, the aircraft requires to climb more to reach this condition.

Table 4. Comparison between the A320Neo and the three different BWB baselines

A320Neo | BWB, worst | BWB, medium | BWB, best
MTOW [t 67.8 80.6 74.2 68.5
OWE [t 38.6 42.2 47.1 52.4
Wing area [m?] 115.7 340.1 341.6 349
Max L/D [-] 17.2 23.7 23.6 23.4
Cruise altitude  [kft] 35.7 42.4 40.8 39.5
Mission fuel [t 15.6 12.7 135 14.6

3.2 Operational mission performances

Finally, once the aircraft has been sized with the TLAR reported in Table 3, some analysis
to study the fuel consumption on different operational ranges have been studied: in fact an
aircraft is not always flying at is design range, but according to the necessity of the airlines
it can fly on routes with different ranges. The operational ranges vary between 800 and
1600 NM. The fuel consumption of the reference aircraft and the three BWB considered
with respect to the operational range is shown in Figure 5. These results show that the
Blended Wing-Body is not efficient for small ranges: there is a point starting from which it
becomes more advantageous than the traditional aircraft, and this point is more shifted to
the right when the centerdoby weight increases. This happens because the BWB has better
aerodynamics performances in cruise, but it is less efficient during the climb and the
descent phase; also, as already noted in Table 5, the cruise altitude is bigger, that is the
BWAB needs to climb more and so spend more fuel. In conclusion, the longer is the cruise
segment, the more the BWB is advantageous. This is in line with the previous works [1-3]
that considered only long and very long range for the BWB: it is on these routes that the
BWB is most performing.
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Fig. 5. Fuel consumptions with respect to operational ranges for the reference aircraft and
the three BWB considered.

3.3 Off-design certification analysis

Finally, an off-design certification analysis has been carried out. Certifications play a key
role during the design process: in fact an aircraft should not only be feasible, but should
also respect the certifications. For this reason an off design analysis of the certification for
the unconventional aircraft here considered has been carried out. The module developed by
Schmollgruber et al. and implemented in FAST has been used. The certifications here
considered are the CAT.POL [14] to define the en route performances and the CS-25 [15]
for large aircrafts for the takeoff and approach performances. They are detailed below:

e CAT.POL.A.410(a) [14]: this certification requires that at the top of climb (1) and
top of descent (2) the aircraft has a reserve of vertical speed of 300 ft/min.

e (CS-25.119(a) [15]: this certification requires that, in landing condition and with all
the engines operating, the steady gradient flight may not be less than 3.2%.

e (CS-25.121(a) [15]: this certification requires that, in takeoff condition with the
landing gears extracted and one engine inoperative, the steady gradient of climb
must be positive.

e (CS-25.121(b) [15]: this certification requires that, in takeoff condition and one
engine inoperative, the steady gradient of climb, at the flight path point when the
landing gears are fully retracted (400ft), may not be less than 2.4%.

e (S-25.121(c) [15]: this certification requires that, in the en-route configuration at
the end of takeoff with one engine inoperative, the steady gradient of climb may
not be less than 1.2%.

e (CS-25.121(d) [15]: this certification requires that, in approach condition with all
the engines operating, the steady gradient of climb may not be less than 2.1%.

In Table 6 are reported performances at the flight path points required by the certifications
above described for the three Blended Wing-Body concepts here considered, and the
minimum value required. It can be seen that the certifications are always respected, and that
the most stringent (in percentage) is the top of climb condition: this is in line with the logic
used to size the wing, since the design has been made in order to have the reserve of
vertical speed at that point.



Table 5. Comparison between the performances at the flight path points required by
certifications and the minimum value for the three BWB concepts considered.

Required min. BWB, BWB, BWB,

value worst medium best
CAT.POL.A.410(a) [ft/min] 300 366.6 353.4 367.9
CAT.POL.A.410(b) [ft/min] 300 361.3 349.4 363.6
CS-25.119(a) [%] 3.2 9.24 10.8 13.3
CS-25.121(a) [%] 0 0.27 0.34 0.55
CS-25.121(b) [%] 2.4 2.56 2.74 3.76
CS-25.121(c) [%] 1.2 5.07 5,51 6.24
CS-25.121(d) [%6] 2.1 2.33 291 3.24

4 Conclusions and perspectives

In this work the feasibility of a short/medium range Blended Wing-Body, for 150
passengers (EIS2035) has been studied. The tool used is FAST, developed by ONERA and
ISAE-Supaero. Firstly the design process has been reviewed, to consider the
unconventional geometry: modifications in the geometry, aerodynamics and mass model
have been described. In particular, as shown from the constraints analysis, the most
stringent condition to size the wing area is the top of climb, differently from conventional
configurations. Then, results are presented, compared with the A320 Neo, aircraft of the
same type as the BWB here considered. Three different baselines, varying the centerbody
weight, have been considered. Results show that, even if the Blended Wing-Body has the
disadvantage to be heavier, there is a gain of fuel (from 6 to 20%) thanks to the better lift to
drag ratio. On operational missions, results show that the BWB concept is more
advantageous starting from a certain range: in fact the main gain for a BWB is in the cruise
segment, meanwhile in other segments is less efficient than the conventional configuration;
then longer is the range, better is the concept. Finally an off-design analysis has been
carried out: showing that all the design constraint here considered are satisfied, and that the
top of climb is the most stringent. In the future, better refinements of the aerodynamics and
the mass models have to be carried out, also considering different configurations and
methods (like the RANS for the aerodynamics). Aero-propulsive integration has to be also
taken into account, considering the integration between nacelle and structure with
innovative propulsive chains (like the distributed hybrid propulsion) to better assess the
advantages of this concept in the chosen technology horizon.
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